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ABSTRACT 
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during Low Temperature Combustion using Fuels for  




Due to tightening emission legislations, both within the US and Europe, including 
concerns regarding greenhouse gases, next-generation combustion strategies for internal 
combustion (IC) diesel engines that simultaneously reduce exhaust emissions while improving 
thermal efficiency have drawn increasing attention during recent years. In-cylinder combustion 
temperature plays a critical role in the formation of pollutants as well as in thermal efficiency of 
the propulsion system. One way to minimize both soot and NOx emissions, is to limit the in-
cylinder temperature during the combustion process by means of high levels of dilution via 
exhaust gas recirculation (EGR) combined with flexible fuel injection strategies. However, fuel 
chemistry plays a significant role in the ignition delay; hence, influencing the overall combustion 
characteristics and the resulting emissions. The Advanced Vehicles, Fuels, and Lubricants 
(AVFL) committee of the Coordinating Research Council (CRC) specified and formulated a 
matrix of nine test fuels for advanced combustion engines (FACE) based on the variation of 
three properties: cetane number, aromatic content, and 90 percent distillation temperature. 
The primary objective of this study was to study the effects of various FACE diesel fuels 
on the nanoparticle formation during low temperature combustion processes. An experimental 
study was performed at West Virginia University’s Engine and Emission Research Laboratory 
(EERL) to determine the FACE property effects on the low temperature combustion (LTC) 
process in a turbo-charged GM 1.9L light-duty compression ignition engine under steady-state 
operating conditions (2100rpm/3.5bar BMEP). A comprehensive test matrix was developed 
including intake oxygen (O2), as a surrogate for EGR fractions, and rail-pressure parameter 
variations during single injection timing settings. Furthermore, the influence of varying injection 
   
 
timing and fuel fraction during split injection strategy onto nanoparticles was investigated as 
well. 
Diluted exhaust gas emissions extracted from the CVS tunnel were measured 
continuously using a Horiba MEXA-7200D gaseous emissions analyzer and included total 
hydrocarbons (THC), carbon monoxide (CO) as well as carbon dioxide (CO2) and oxides of 
nitrogen (NOx). NOx and O2 concentrations were measured in the raw exhaust and intake 
manifold using Horiba MEXA-720 NOx analyzers, respectively. 
Furthermore, the AVL Micro Soot Sensor, consisting of a measuring unit and an exhaust 
conditioning unit, was used to measure the soot concentration in the raw exhaust based on the 
photoacoustic measurement method. 
Nanoparticle concentration and size distributions were determined using the Exhaust 
Emissions Particle Sizer (EEPS
TM
) spectrometer from TSI Inc. (model 3090) as well as the 
Differential Mobility Spectrometer (DMS) from Cambustion (model DMS500). Continuous 
exhaust gas samples were extracted from the CVS tunnel (dilution ratio DR ≈ 10) and routed 
through a double stage dilution system using ejector type dilutors. The first stage was maintained 
at 140°C (DR ≈ 6) in order to suppress condensation and particle nucleation phenomena, while 
the second stage utilized dilution air at ambient temperatures (~25°C, DR ≈ 11). 
Particle number concentration increased with a simultaneous increase in particle diameter 
for both single and split injection strategies in case of FACE diesel fuels with increasing CN for 
the low NOx, low soot and highest BTE tests. Advancing the start of injection timing led to a 
decrease in particle number concentration, but a simultaneous increase in nanoparticle emissions 
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CHAPTER 1 INTRODUCTION 
Internal combustion engines are the primary power source for numerous applications, 
where the traditional direct injected compression ignition engine employing a heterogeneous air-
fuel mixture is preferred due to its excellent thermal efficiency. However, the disadvantages are 
relatively high emissions of oxides of nitrogen (NOx) and particulate matter (PM). Diesel exhaust 
gases were identified in the past to be a serious threat to human health and the environment, 
leading to increased morbidity and mortality, and regarded as the main source of air pollution. 
The National Institute for Occupational Safety and Health (NIOSH), for example, determined in 
1988 that the whole diesel exhaust is a potential human carcinogen based on chemical, 
genotoxicity and carcinogenicity data [1]. The World Health Organization’s International 
Agency for Research on Cancer (IARC) also concluded in 1989 that diesel engine exhaust is 
probably carcinogenic to humans [2]. Therefore, legislative authorities around the world 
mandated tighter emissions regulations in recent years, which lead to special attention by 
researchers on next-generation combustion strategies for internal combustion diesel engines that 
simultaneously reduce exhaust emissions while improving thermal efficiency. In-cylinder 
combustion temperature plays an essential role in the formation of emissions as well as thermal 
efficiency of the engine. One way to minimize both soot and NOx emissions is to limit the in-
cylinder temperature during the combustion process in order to avoid NOx and soot formation 
zones by means of high levels of dilution via exhaust gas recirculation (EGR) combined with 
flexible fuel injection strategies. However, fuel chemistry plays a significant role in the ignition 
delay; hence, influencing the overall combustion characteristics and the resulting emissions. The 
Advanced Vehicles, Fuels, and Lubricants (AVFL) committee of the Coordinating Research 
Council (CRC) specified and formulated a matrix of nine test fuels for advanced combustion 
engines (FACE) based on the variation of three properties: cetane number, aromatic content, and 
90 percent distillation temperature. 
Due to the increased attention by researchers on particle size in recent years and evidence 
found that several health effects may be associated with ultrafine particles [3-6], the exhaust 
emissions from a turbo-charged GM 1.9L light-duty compression ignition engine were 
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characterized in terms of particle concentrations and size distributions during low temperature 
combustion mode using different FACE diesel fuels. 
1.1 Objectives 
The global objective of this study was to investigate a matrix of FACE diesel fuels and 
study their effects on diesel engine emissions during advanced combustion mode. The primary 
objective was to study the effects of various FACE diesel fuels on the nanoparticle formation 
during low temperature combustion processes. The specific objectives were (1) to assess the 
influence of the three main properties of FACE diesel fuel, cetane number, 90 percent distillation 
temperature and aromatic content on particle concentration and size distributions during low 
temperature combustion, (2) to investigate single and split injection strategies, and (3) to explore 




CHAPTER 2 LITERATURE REVIEW 
This section introduces the principles of advanced combustion strategies and describes 
how they could be initiated and controlled. A review of relevant physical and chemical 
properties for FACE diesel fuels is followed by a discussion of the effects of these properties on 
advanced combustion modes. An overview of particulate matter formation, and PM number 
concentration and size distributions in the advanced combustion modes completes this section. 
2.1 Advanced Compression-Ignition Combustion Modes 
A considerable body of published literature attests to the fact that the engine and 
automotive industry has made major strides in the past few decades to lower engine out 
emissions as well as achieve higher fuel efficiency. Due to tightening emission standards the 
research and development focus on emission reduction technologies resulted in an improvement 
in engine-out emissions at the expense of lower fuel economy in previous years [7]. Therefore, 
new combustion modes, such as Homogeneous Charged Compression Ignition (HCCI), 
Premixed Charge Compressed Ignition (PCCI) and Low Temperature Combustion (LTC) have 
been explored [8-13]. Various names have been assigned to these new combustion modes, but 
they all have the requirement of creating a homogeneous or stratified air-fuel (AF) mixture prior 
to ignition in common. In order to extend the mixing and ignition chemistry time frame, early 
injection timing is used in conjunction with a lean air-fuel mixture and/or high levels of exhaust 
gas recirculation (EGR) [7]. Figure 1 shows the distribution of the soot and nitric oxide (NO) 
formation regions as a function of local temperature and equivalence ratio () for conventional 
and advanced diesel combustion modes [11]. Such so-called -T maps were first used in 2001 to 
explain local temperature and equivalence ratio effects on soot and NOx formation by applying 




Figure 1 Local Temperature and Equivalence Ratio for  
Advanced Combustion Modes [11] 
2.1.1 Homogenous Charged Compression Ignition (HCCI) 
HCCI combustion was proposed as a combination of the advantages of conventional 
spark ignition (SI) and direct injection compression ignition (DICI) engines simultaneously 
avoiding their inherent disadvantages. As a result, HCCI combustion employs a homogeneous 
air-fuel mixture leading to low soot emissions and high compression ratio generating higher 
efficiency. The air-fuel are mixed before start of combustion and the mixture is self-ignited due 
to the compression stroke. The combustion is controlled by means of the temperature, pressure 
and compositions of the lean homogeneous air-fuel mixture leading to multipoint auto-ignition. 
In an optimal HCCI mode, the heat release reaction occurs throughout the cylinder without flame 
propagation and zones of high temperature or rich fuel-to-air (F/A) ratios. The homogeneous 
mixture and relatively low average temperatures lead to minimization of the levels of the NOx 
and soot trade-off relationship [7]. A comparison of some key parameters for traditional 
combustion modes with HCCI combustion is given in Table 1. 
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Table 1 Comparison of Traditional Combustion Modes and HCCI Combustion [7] 
 SI DICI HCCI 
Fuel Gasoline-like fuels Diesel-like fuels Flexible fuel 
Excess Ratio  ≈ 1.0 = 1.2
*-2.2 > 1.0 
Mixture Preparation PFI, GDI DI DI, PFI and DI + PFI 







Premixed but dominated 







Multipoint or spontaneous 
 
Flame Front Yes Yes w/o [without] 
Combustion Temperature High Partially high Relatively low 
* Note: older engines with high smoke emissions 
 
Despite promising advantages, some obstacles have kept HCCI combustion from 
succeeding in original equipment manufacturer (OEM) applications: ignition timing control over 
wide engine speed and load ranges, combustion rate control at high loads, cold start capacity, 
higher levels of carbon monoxide (CO) and hydrocarbons (HC), real-time rapid-response in 
transient cycle operation, increased engine control capacity, cylinder-to-cylinder variation and 
higher pressure-rise rate as well as higher combustion noise [7]. 
A typical heat release rate (HRR) curve for HCCI combustion is depicted in Figure 2, 
which shows a noticeable two-stage heat release. The time delay between the first stage, 
associated with low temperature kinetic reactions, and the main heat release, the high 
temperature regime, is the so-called negative temperature coefficient (NTC) regime. In this NTC 
regime, the in-cylinder temperature increases even though the overall reaction rate decreases 
leading to a lower reactivity of the system [15]. 
 
Figure 2 Typical Heat Release Rate (HRR) from  
HCCI Combustion of n-Heptane Fuel [15] 
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2.1.2 Premixed Charge Compression Ignition (PCCI) 
The acronym PCCI has been used with multiple meanings in advanced combustion 
literature, as Premixed Controlled Compression Ignition (increased and advanced pilot injection 
with retarded main injection), Premixed Charge Compression Ignition (early injection of diesel 
fuel), or partially Premixed Charge Compression Ignition [16]. Independent of the definition, 
PCCI refers to an advanced combustion mode that allows for a large premixed burn. Fuel is 
injected early into the cylinder and an ignition delay occurs creating a locally fuel-lean mixture 
until auto-ignition. Further injection of diesel fuel after auto-ignition leads to a transition from 
premixed burn to diffusion burn, thereby increasing particle formation. Combustion phasing can 
be controlled via EGR in order to achieve more time for mixing. In contrast to HCCI, where the 
air-fuel mixture homogeneously enters the cylinder, the early injection in PCCI leads to a large 
premixed combustion phase. The charge in PCCI is not mixed enough; hence, leading to more 
hot spots and the fuel injected tends to impinge on the cylinder walls due to the extended ignition 
delay resulting in incomplete combustion. HC and CO emissions are elevated as well, similar to 
HCCI [16, 17]. 
2.1.3 Low Temperature Combustion (LTC) 
In 2000, a new diesel combustion concept named “low temperature oxidation,” 
essentially smokeless combustion at near stoichiometric and locally rich air-to-fuel ratios was 
presented by Toyota Motor Corporation at the 9
th
 annual “Automobile and Engine Technology” 
Colloquium in Aachen, Germany. To achieve a simultaneous reduction in NOx and soot 
formation, the combustion temperature was kept very low by using a large amount of cooled 
EGR [18]. The NO and soot formation zones shown in Figure 1 (Section 2.1) can be avoided 
regardless of the equivalence ratio by keeping the temperature during combustion below around 
1650K. LTC is also known as “dilution-controlled combustion” and compared to HCCI, high 
levels of dilution (EGR) are used and moderate inhomogeneity of the in-cylinder mixture occurs. 
In addition to dilution, the overall combustion temperature is controlled by combining fuel 
injection strategies with strong in-cylinder turbulence and mixing [7]. Dilution leads to a 
reduction in the overall combustion temperature and lengthens the ignition delay providing more 
time for fuel evaporation and reduction of inhomogeneities in the mixture. This reduces “NOx 
formation from local temperature spikes and soot formation from locally rich mixtures” [12]. 
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However, exploring the limits, dilution can significantly increase HC and CO emissions [12, 19, 
20]. 
Due to advances in the 1990’s in visualization techniques on research engines with 
optical access into the combustion chamber, conceptual models for conventional combustion 
were built explaining the phases of combustion [21, 22]. These models were adapted for early-
injection low temperature combustion based on experiments using an optical single-cylinder 
diesel engine operating with 12.7% intake oxygen, as a surrogate for EGR, and early single 
injection strategy [23]. A comparison of the conceptual model for conventional combustion with 
LTC is shown in Figure 3. Longer liquid jet penetration due to the low ambient temperature and 
density during early-injection conditions may lead to in-cylinder wall wetting increasing 
emissions and decreasing combustion efficiencies [22]. 
 
Figure 3 Comparison of Conceptual Model for Conventional 
Combustion with LTC [22] 
2.2 Initiating and Controlling Advanced Combustion Strategies 
Initiating and controlling of an advanced combustion strategy needs modifications to the 
conventional compression ignition engine. Several changes in engine control strategy as well as 
engine hardware may be needed to achieve advanced combustion regimes. The following 




2.2.1 Engine Control System 
2.2.1.1 Start of Injection Timing 
Better mixing of the air and fuel charge can be achieved through advancement of start of 
injection timing (SOI) providing more time for homogenization. Figure 4 shows an example of 
(a) in-cylinder pressure, and (b) heat release rate for a start of injection (SOI) timing sweep. 
Retarding SOI timing results in a reduction of peak heat release rate (HRR) and in-cylinder 
pressure as well as retarded combustion phasing [24]. 
 
Figure 4 Cylinder Pressure (a) and HRR (b) for Retarded SOI Timing [24] 
For conventional diesel combustion advancing the SOI timing results in increased NOx 
emissions [25]. Nevertheless, a study performed on a direct injection single cylinder research 
engine operating in HCCI combustion mode showed that NOx emissions can be reduced for early 
SOI timing paired with increased injection pressure, (see Figure 5). At the same time HC and CO 
1500rpm / 2.6bar BMEP 
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emissions were increased as HCCI combustion regimes were reached [26]. It is likely that this is 
due to in-cylinder wall wetting as a result of early-injection conditions (see Section 2.1). 
 
Figure 5 Exhaust Emissions and Fuel Consumption vs. Injection Timing [27] 
An increase in pressure and pressure rise rate (PRR) is common when advancing SOI 
timing (see Figure 4); therefore, dilution with EGR and/or split injection strategies is used to 
control high pressure rise rates. 
2.2.1.2 Fuel Split Strategy 
Due to advances in electronically controlled fuel injection systems, multiple injections 
have become a common strategy to improve combustion in modern compression ignition (CI) 
engines. Pilot injection accelerates chemical and physical phenomena allowing the main 
injection to self-ignite; thus, a decrease in ignition delay and fuel quantity burnt in the premixed 
phase leads to a reduction in PRR [28]. 
In 2003, researchers studied the effects of a multiple injection strategy termed Uniform 
Bulky Combustion System (UNIBUS) on a four cylinder dual overhead camshaft common rail 
1800rpm / 5bar IMEP 
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diesel engine with 3L displacement, variable geometry turbocharger (VGT) and intercooled EGR 
[8]. The UNIBUS injection strategy to achieve high efficiency and low emissions is depicted in 
Figure 6. Brake mean effective pressure (BMEP), concentration of NOx emissions, soot and the 
rate of effective injection quantity (Qf/Qfe) are shown at various injection timings. Qf is the input 
injection quantity, whereas Qfe is defined as injection quantity calculated by the carbon balance 
method from exhaust gas measurements. Injection timing was varied with constant injection 
quantity (15mm
3
/st.). For the double injection, where the pilot injection was varied with constant 
main injection timing (13°ATDC), BMEP stayed almost constant while NOx and soot could be 
reduced showing the features of HCCI. However, the rate of effective injection quantity 
decreased by further advancing the pilot injection timing for the UNIBUS double injection 





Figure 6 UNIBUS Comparison with Conventional Diesel Injection Strategy [8] 
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2.2.1.3 Rail Pressure 
Better fuel atomization through higher injection pressure can be achieved by an increase 
in rail pressure for common rail injection system equipped CI engines. This can lead to a more 
homogeneous air-fuel mixture affecting combustion phasing and emissions formation. The effect 
of increased rail pressure on NOx and soot formation for different levels of dilution with EGR, as 
a surrogate for excess air (), is shown in Figure 7. A 2L turbocharged (with VGT) DI diesel 
engine with cooled EGR was used in this study to demonstrate low load HCCI like combustion 
[29]. A reduction in soot formation with increased injection pressure was achieved with the 
highest effect near stoichiometric conditions due to better fuel atomization and more 
homogeneous air-fuel mixture, whereas NOx emissions were increased, especially at higher 
excess air levels due to higher in-cylinder temperature with lower EGR rates [29]. 
 
Figure 7 Effect of Injection Pressure on NOx and Soot Emissions [29] 
A study performed on a single-cylinder research engine with optical access running in 
LTC mode showed greatly reduced soot emissions at increasing injection pressure, as well. To 
some extent, injection pressure may be lowered to reduce the combustion temperature, hence 
NOx formation [13]. Therefore, at higher loads, lower injection pressure may be preferred [7]. 
1600rpm / 2bar BMEP 
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2.2.1.4 Exhaust Gas Recirculation (EGR) 
Exhaust gas recirculation (EGR) is largely used in diesel engines to reduce oxides of 
nitrogen by lowering the adiabatic flame temperature and oxygen concentration in the 
combustion chamber. Inherent to the lower oxygen concentration, an increase in particulate 
matter is observed [30]. This NOx and PM trade-off can be observed in Figure 7 as well. 
EGR in modern diesel engines is achieved by a low or high pressure loop or by a 
combination of both. Low pressure loop EGR uses the positive differential pressure between 
turbine outlet and compressor inlet, as shown in Figure 8. Due to temperature and fouling issues, 
recycling of exhaust gas from upstream of the turbine to downstream of the compressor is 
preferred as depicted in Figure 9 (high pressure loop EGR). In combination with VGT, the 
desired pressure difference to drive EGR can be closely controlled via vane position [30]. 
 
Figure 8 Low Pressure Loop EGR [30] 
 
Figure 9 High Pressure Loop EGR [30] 
An experimental investigation of the effects of EGR temperature was conducted on a 12L 
heavy-duty diesel engine with high pressure loop EGR during PCCI combustion mode. Trade-
offs between brake specific mass NOx (BSNOx) and brake specific mass fuel consumption 
(BSFC) as well as brake specific mass PM (BSPM) and BSFC averaged over the AVL 8-Mode 
test cycle for cooled and un-cooled EGR at varying injection timing are displayed in Figure 10 
and Figure 11, respectively. Cooled EGR was observed to reduce NOx emissions and improve 
fuel consumption, while un-cooled EGR tended to result in slightly higher PM emissions with 
simultaneous higher fuel consumption. No data was provided to compare the baseline timing of 
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un-cooled EGR without port fuel injection (PFI) with the case of retarded timing with cooled 
EGR. Conclusions about cooled and un-cooled EGR for 20% PFI can neither be drawn from the 
data provided. On the other hand, HC and CO emissions increased by a factor of 8 and 10, 
respectively, for cooled EGR compared to the baseline settings. It was further noticed, that PM 
emissions were increased by the addition of PFI which was explained by significantly higher HC 
emissions associated with PFI mainly due to poor diesel fuel atomization in the air assisted PFI 
system [31]. 
 
Figure 10 BSNOx – BSFC Trade-off [31] 
 
Figure 11 BSPM – BSFC Trade-off [31] 
Besides reducing NOx by lowering the flame temperature, which is referred to the 
adiabatic flame temperature in literature, and oxygen concentration in the combustion chamber, 
EGR is used to control combustion phasing and limit pressure rise rates especially for advanced 
combustion modes. The effect on ignition delay and maximum PRR in case of HCCI combustion 
is demonstrated in Figure 12 and Figure 13. PRR is reduced with increased EGR rate due to the 
decrease in oxygen concentration (slow combustion) [27]. 
 
Figure 12 Ignition Delay vs. Additional Intake Valve 
Opening with Varying EGR Rate [27] 
 
Figure 13 Maximum PRR vs. Additional Intake Valve 
Opening with Varying EGR Rate [27] 
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2.2.1.5 Intake Air Temperature 
The influence of varying the intake air temperature on in-cylinder pressure on a single-
cylinder engine using fuel with a cetane number of 56.2 is depicted in Figure 14. Increasing the 
intake air temperature advanced the start of main combustion due to better air-fuel mixing and 
higher temperatures during compression. External EGR deteriorated the combustion conditions 
leading to lower HRR and retarded start of main combustion for the 20 and 40°C intake air 
temperature cases, but helped improving the mixture formation reaching higher temperature 
levels, thus earlier start of combustion could be observed for 60°C intake air temperature with 
10% external EGR [9]. Highest in-cylinder pressure and steepest PRR was reached with 60°C 
intake air temperature without EGR which could be beneficial for HCCI engine start up as well 
as for the use of lower CN fuels. The effects of different injection pressures and load conditions 
were not investigated in this study. 
 
Figure 14 Intake Charge Temperature Variation [9] 
2.2.1.6 Intake Manifold Pressure 
One way to increase the load range of advanced combustion modes is to increase the 
intake manifold pressure, also known as intake boost pressure. Under boosted conditions, 
controlling the combustion phasing is especially important because the autoignition reactivity of 
the fuel is enhanced under increased pressure and the additional charge mass leads to an increase 
in PRR [32]. Therefore, use of intake boost pressure for advanced combustion modes is mostly 
paired with other technologies such as variable valve timing and EGR. The effects of increased 
intake manifold pressure on NOx and PM emissions as well as intake valve closing (IVC) and 
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EGR influences are shown in Figure 15 and Figure 16, respectively. Experimental work 
performed on a single cylinder research diesel engine with 2.5L displacement equipped with 
artificial boost and variable valve timing capabilities showed increased NOx emissions for 
elevated intake air pressures, whereas PM emissions could be reduced, while the engine was 
running at 58% load and 1737rpm (SOI was 30°BTDC). Late intake valve closing conditions 
(values in °BTDC) resulted in low NOx emissions even for lower EGR fractions, but increased 
the PM formation. A nearly linear decrease in exhaust temperature while elevating the intake 
manifold pressure resulted in higher CO and HC emissions as well as BSFC values [10]. 
 
Figure 15 NOx vs. Intake Pressure Varying IVC Timing 
and EGR [10] 
 
Figure 16 PM vs. Intake Pressure Varying IVC Timing and 
EGR [10] 
2.2.2 Engine Hardware Modifications 
2.2.2.1 Compression Ratio 
The variation of compression ratio (CR) influences the combustion behavior and 
therefore the in-cylinder pressure as can be seen in Figure 17, where a single-cylinder engine 
using fuel with a cetane number of 56.2 was employed. As a result of increased compression 
ratio, the in-cylinder pressure increased and main start of combustion occurred earlier with steep 
PRR leading to partly knocking. With the use of EGR, HRR and PRR could be controlled: at a 
CR of 14 with 10% EGR retarded combustion was obtained compared with no EGR, whereas 
with CR of 16 and 18, steep PRR and knocking could be prevented with the use of 10% EGR 




Figure 17 Compression Ratio Variation [9] 
2.2.2.2 Piston Design 
There are different piston designs for compression ignition engines and it is known that 
adaptations of piston design with the injection system can improve combustion characteristics 
and emissions. A piston bowl type design is used in compression ignition engines due to its swirl 
evocating effect, since swirl in the combustion chamber enhances homogeneous air-fuel mixture. 
Different piston bowl designs along with nozzle angle variations (wide and narrow) were 
investigated on a 1.8L heavy-duty single cylinder diesel engine showing PM and fuel 
consumption versus NOx trade-offs. The open bowl design resulted in significant drawbacks, 
presumably due to slower air movement. Straight bowl design with narrow angle nozzle 
provided reduced NOx emissions with slight penalty in soot emissions and fuel consumption 




Figure 18 Impact of Various Piston Bowl Designs on Fuel Consumption, Soot and NOx [33] 
2.2.2.3 Variable Valve Actuation 
Variable valve actuation, primarily used for intake valve timing during the compression 
stroke, has a direct impact on the engines effective compression ratio; thus, affecting combustion 
behavior in the form of in-cylinder pressure and temperature as well as ignition control of diesel 
fuel [27]. Electro-hydraulic valve actuation was used to control additional valve openings after 
mechanically actuated intake valve closing, shown in Figure 19, on a single cylinder test engine 
to realize HCCI combustion mode using conventional diesel fuel. Additional intake valve 
opening duration helped reducing NOx emissions while HC and CO formation increased. Fuel 
consumption remained almost constant while soot formation increased for extended valve 
opening without EGR [27]. 
 
Figure 19 Variation of Valve Lift for Each  




Figure 20 Exhaust Emissions and Fuel Consumption for Additional 
Intake Valve Opening [27] 
Further benefits for additional intake valve opening include control of ignition delay and 
maximum pressure rise rate, as shown in Figure 12 and Figure 13 (see Section 2.2.1.4). 
2.2.2.4 Injection Spray Angle 
In-cylinder wall impingement due to longer liquid jet penetration inherent to early-
injection conditions in advanced combustion regimes may lead to an increase in emissions and 
decrease in combustion efficiencies [22]. By widening or shortening the injection angle, 
preferably adapted for the in-cylinder dimensions, charge flow paths and piston bowl design as 
well as early injection strategy, significant reduction in in-cylinder wall wetting can be achieved. 
Experiments with three different spray cone angles using a 1.9L DI diesel engine with common 
rail fuel injection system and VGT showed increased NOx emissions with narrow spray cone 
angle for PCCI combustion modes as depicted in Figure 21 [34]. Better mixture formation 
conditions were present due to enhanced swirl and turbulence factors for the spray impinging 
1800rpm / 5bar IMEP 
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close to the piston bowl. Fuel consumption was found to be highest with largest injection angle 
while HC emissions are slightly lower for narrow angle configuration, but overall high for PCCI 
combustion mode (advanced SOI timing) regardless of the spray cone angle [34]. 
 
Figure 21 NOx Emissions for Different Spray 
Cone Angles [34] 
 
Figure 22 HC Emissions for Different Spray 
Cone Angles [34] 
2.3 Analysis of Physical and Chemical Properties for FACE Diesel Fuels 
In this section the most important methods of ASTM analyses used to measure the 
chemical and physical properties of the designed Fuels for Advanced Combustion Engines 
(FACE) are described. It should be noted that the formulation of the FACE diesel fuels in some 
cases differ from the fuel properties for which the ASTM tests were originally designed, leading 
to variation in the results obtained in comparison with conventional fuel measurements [35]. A 
more detailed description of the FACE diesel fuels including their design is given in Section 4.1 
(“Fuel Properties”). 
2.3.1 Cetane Number / Index 
The ASTM D613 “Standard Test Method for Cetane Number of Diesel Fuel Oil” 
describes the test method to rate diesel fuel oil on a scale of cetane numbers (CN) ranging from 
zero to 100 using a standard four-stroke single cylinder indirect injected diesel engine with 
variable compression ratio (CR) [36]. The cetane number is, by definition, “a measure of the 
ignition performance of a diesel fuel oil obtained by comparing it to reference fuels in a 
standardized engine test” [36]. The ignition performance is the ignition delay of the fuel under 
controlled conditions of fuel flow rate, injection timing and compression ratio. As primary 
reference fuels (PRF) with known CN, n-cetane (n-hexadecane) and heptamethylnonane (HMN) 
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with assigned values of 100 and 15, respectively, are used, as well as volumetrically 
proportioned blends. The CN of a sample diesel fuel is then determined by comparing its 
combustion characteristics with the blended fuels with known CN under standard engine 
operating conditions using a handwheel procedure, which allows an interpolation of CN with the 
specific ignition delays obtained [36]. Figure 23 shows a test engine assembly used for the cetane 
method by the petroleum industry, as well as governmental and independent laboratories. 
 
Figure 23 Cetane Method Test Engine Assembly [36] 
If no test engine is available to determine CN or the sample quantity is too small for an 
engine rating, the ASTM cetane number can be approximated by the calculated cetane index (CI) 
formula, described in ASTM D976, including API gravity, determined by ASTM D4052, and 
mid-boiling point by ASTM D86, outlined in [37], [38] and [39], respectively. Applying this 
method to FACE diesel fuels results in significant differences compared to CN’s determined by 
the ASTM D613 test method, since it is particularly applicable to straight-run fuels, catalytically 




2.3.2 Aromatic Content 
The volumetric percentage of the hydrocarbon types aromatics, olefins and saturates in 
petroleum fractions that distill below 315°C can be determined per ASTM D1319 “Standard Test 
Method for Hydrocarbon Types in Liquid Petroleum Products by Fluorescent Indicator 
Adsorption.” Table 2 lists the definitions for the different hydrocarbon types. 
 
Table 2 Hydrocarbon Terminology [41] 







Monocyclic and polycyclic 
aromatics, plus aromatic olefins, 
some dienes, compounds 
containing sulfur and nitrogen, 




Alkenes, plus cycloalkenes, 
some dienes 
Saturates Alkanes, plus cycloalkanes 
 
For this method, the sample is introduced into a glass adsorption column that is tapered in 
the filling section on top and packed with an activated silica gel to a certain level. A small layer 
of the silica gel contains a mixture of fluorescent dyes and after adsorption of the sample on the 
gel, alcohol is added desorbing the sample down the column. This separates the hydrocarbons 
into aromatics, olefins and saturates. Under ultraviolet light, the boundaries of the zones are 
visible, because the dyes are also separated selectively with the hydrocarbon types; see Figure 




Figure 24 Pictorial Aid for Identification of Chromatographic 
Boundaries [41] 
Two other test methods to determine aromatic content are ASTM D5186 and ASTM 
D2425, which were also conducted for the FACE diesel fuels [40]. The test method ASTM 
D1319 excludes hydrocarbon types in petroleum fractions that distill above 315°C; thus, the 
ASTM D5186 test method is often used giving the monoaromatic, polynuclear aromatic and 
nonaromatic components on a percent mass basis in the boiling range of diesel fuels. ASTM 
D2425, outlined in [42], has shown higher precision determining total aromatics and polynuclear 
aromatic hydrocarbons in diesel fuels using mass spectrometry (MS), but is more expensive and 
time-consuming than the two aforementioned test methods [43]. 
2.3.3 90 Percent Distillation Temperature (T90) 
The ASTM standard test method D86 describes the distillation (volatility) of petroleum 
products using a laboratory distillation unit at atmospheric pressure. A sample of known quantity 
is distilled under prescribed conditions in a distilling flask, whereas systematic observations of 
temperature readings and volumes of condensate are made either manually or automated. The 
test results are reported in percent evaporated sample versus the corresponding temperature. 
Therefore, a T90 distillation temperature value of a fuel declares that 90% of the fuel was 





Figure 25 Apparatus Assembly using a Gas Burner [39] 
Distillation temperatures can also be simulated by the use of gas chromatography, as 
outlined in ASTM D2887 [44]. Distillation curves for all FACE diesel fuels are included in the 
final report of the Coordinating Research Council (CRC) and can be found in [35]. 
2.3.4 Specific Gravity 
The determination of the density, relative density (often referred to as specific gravity) 
and API gravity of petroleum distillates and viscous oils is covered in the standard test method 
ASTM D4052. A small sample is filled into an oscillating sample tube. The change in mass of 
the tube changes the oscillating frequency. Together with calibration data, the density, relative 
density and API gravity of the sample can be determined [38]. 
2.3.5 Net Heat of Combustion 
In test method ASTM D240 the determination of the heat of combustion of liquid 
hydrocarbon fuels is described. The heat of combustion is a measure of the energy available from 
a fuel and is computed from temperature observations before, during and after combustion of a 
weighed sample in an oxygen bomb calorimeter. The net heat of combustion is “the quantity of 
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energy released when a unit mass of fuel is burned at constant pressure, with all of the products, 
including water, being gaseous” [45]. 
2.3.6 Elemental Analysis 
The “Instrumental Determination of Carbon, Hydrogen and Nitrogen in Petroleum 
Products and Lubricants” outlined in ASTM standard method D5291 delivers total carbon, total 
hydrogen and total nitrogen values in percent of mass. There are four different test methods 
outlined in the standard, which can vary from type of instrument used. The general principle for 
all of them is burning a sample in a combustion reactor where it is being entirely converted  to 
carbon dioxide, water vapor and elemental nitrogen. The gases are subsequently determined by 
isolating the desired gaseous products in an appropriate gas stream [46]. 
2.3.7 Further ASTM Standard Test Methods used for FACE Diesel Fuels 
Numerous analyses were performed for the FACE diesel fuels by different laboratories to 
thoroughly characterize their physical and chemical properties. An overview of the standard test 
methods performed, but not described here, is given in Table 3. 
 
Table 3 Further ASTM Standard Test Methods used for FACE Diesel Fuels 
ASTM Standard  
Test Method 
Physical or Chemical Property 
 






Kinematic Viscosity of Transparent and Opaque Liquids 
(and Calculation of Dynamic Viscosity) 
ASTM D2500 Cloud Point Cloud Point of Petroleum Products 





Evaluating Lubricity of Diesel Fuels by the High-




Derived Cetane Number (DCN) 
 
 
Determination of Ignition Delay and Derived Cetane 
Number (DCN) of Diesel Fuel Oils by Combustion in a 





Bromine Numbers of Petroleum Distillates and 







Determination of Total Sulfur in Light Hydrocarbons, 
Spark Ignition Engine Fuel, Diesel Engine Fuel and 





Sulfur Compounds in Light Petroleum Liquids by Gas 







Trace Nitrogen in Liquid Petroleum Hydrocarbons by 





2.4 Effect of Fuel Properties on Advanced Combustion Strategies 
Fuel properties have a significant impact on the ignition and combustion process; hence, 
achievement of advanced combustion modes with their impact on resulting emissions and engine 
performance by fuel design in conjunction with engine control strategy, and engine hardware 
modification (see subsection 2.2) has become a common approach [7]. Therefore, the AVFL 
committee of the CRC specified and formulated a matrix of nine test fuels for advanced 
combustion engines (FACE) based on the variation of the following three properties [35]: 
1. Cetane number 
2. Aromatic content 
3. 90 percent distillation temperature. 
Other researchers blended conventional diesel fuel with iso-octane, iso-paraffins, toluene 
and methyl tertiary-butyl ether (MTBE) to study fuel property effects on combustion and exhaust 
emissions of a 2.15L single cylinder diesel engine operating in HCCI mode [26]. The following 
subsections discuss the effects of the fuel properties cetane number, aromatic content and 90 
percent distillation temperature on advanced combustion strategies. 
2.4.1 Cetane Number 
Cetane number is a key measure of diesel fuel combustion quality and is inversely related 
to ignition delay time; thus, longer ignition delay for low CN and shorter ignition delay for high 
CN fuels, respectively. A lower CN fuel tends to ignite slower creating longer ignition delay than 
a high CN fuel. This results in longer mixing time for air and fuel, hence homogeneity of the in-
cylinder charge is related to cetane number, as well [47, 48]. The strong resistance to auto-
ignition can cause difficulties in certain combustion conditions, for example cold start [49]. An 
experimental investigation on a 1.9L DI light-duty diesel engine with VGT and high pressure 
loop EGR was performed to better understand FACE diesel fuel property effects [24]. CN 
showed to be the main factor in determining acceptable injection timing ranges for each fuel for 
low temperature combustion regimes [24]. Other researchers who have used FACE diesel fuels 
have reported that CN significantly affected the combustion phasing [50]. Figure 26(a) shows the 
aforementioned longer ignition delay for the low CN FACE diesel fuels (fuels 1 through 4, 
straight lines) allowing for more mixing time; hence, reduced local fuel rich regions and thus 
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lower PM formation. Combustion noise was increased for both, low and high CN fuels, while 
advancing SOI timing, see Figure 26(b) [24]. 
 
Figure 26 Ignition Delay (a) and Combustion Noise (b) vs. SOI Timing  
for FACE Diesel Fuels (where † denotes CN)[24] 
For higher CN fuels a small decrease in NOx emissions can usually be observed. For CN 
ranging from 40 to 55 around 5% reduction in NOx formation per 10 CN increments was found 
in a fuel property study [51]. Results from a single cylinder HCCI engine showed the same trend 
in NOx reduction for fuels with higher CN, presumably “due to lower intake air temperatures 
required for higher cetane fuels, which results in lower peak combustion temperatures” and an 
increase in CO emissions [52]. 
Figure 27 shows higher NOx and CO emissions as well, with very low PM emissions for 
low CN fuels performing a SOI timing sweep compared to the high CN fuels (fuels 5 through 9, 
dashed lines). The longer ignition delay with the low CN fuels resulted in the higher NOx 














increase in NOx emissions for low and high CN fuels advancing SOI timings was obtained, as 
expected. Furthermore, slightly lower HC emissions resulted from high CN fuels compared to 
low CN fuels, while BSFC was comparable, as depicted in Figure 28. These results agreed with 
other investigations using FACE diesel fuels on a 0.75L single cylinder test engine during low 
temperature combustion modes (low, medium and high loads), where low CN fuels showed 
higher HC and CO emissions and lower fuel efficiency compared to higher CN fuels, due to the 
“considerable amount of fuel energy” contained in these elevated emissions [49]. Lesser 
resistance to auto-ignition helped reducing HC and CO emissions from incomplete combustion 
for high CN fuels. Additionally, low CN fuels improved the trade-off between NOx and PM 
emissions for low and medium loads (5.5 and 10.6bar IMEP), whereas no difference could be 
detected for high load (14.6bar IMEP) [49]. 
 
Figure 27 NOx, PM and CO Emissions vs. SOI Timing for 
FACE Diesel Fuels [24] 
 
Figure 28 HC Emissions and BSFC vs. SOI Timing for 
FACE Diesel Fuels [24] 
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2.4.2 Aromatic Content 
Aromatic content and CN are not completely independent of each other; hence, aromatic 
content can affect CN and exhaust emissions [43]. Aromatic compounds are usually very low 
CN compounds, therefore fuels with high aromatic content tend to be low CN fuels [49]. It has 
been reported that aromatics are precursors of PM formation, and therefore, greatly affect PM 
emissions [24]. This effect is shown in Figure 29, where two FACE diesel fuels are compared 
with blocked CN (low) and T90 (high) from results on a single cylinder 0.75L diesel engine 
using single injection for LTC regimes. At medium load (10.6bar IMEP), the higher soot 
emissions from fuel 3 could be attributed to the higher aromatic contents, since the ignition delay 
was even slightly longer [49]. On the other hand, a comparison of low CN fuels with high and 
low aromatic contents at high load (14.6bar IMEP) showed very minor impact on PM formation. 
The effect on prolonged ignition delay seemed to compete with the PM formation propensity of 
the aromatic fuel molecules [49]. 
 
Figure 29 Aromatic Effect at Low T90 on Ignition Delay 
and Soot Emissions at Medium Load 
 
Figure 30 Aromatic Effect on Ignition Delay and Soot 
Emissions at High Load [49] 
Furthermore, insignificant impact was reported on NOx emissions, albeit in disagreement 
with Figure 27, which shows lower NOx emissions for fuels 1 and 2 (low aromatic contents) 
compared to fuels 3 and 4 (high aromatic contents) during SOI timing sweeps [24]. For low CN 
fuels with higher aromatic contents, the highest HC and CO emissions resulted at low load 




2.4.3 90 Percent Distillation Temperature 
The T90 distillation temperature value of a fuel, an indication that 90% of the fuel was 
evaporated at the indicated temperature, is often used to draw conclusions about the volatility of 
the fuel. A lower distillation temperature indicates higher volatility, and therefore, evaporation, 
which improves the air-fuel mixing rate and enhances the potential to form homogeneous 
mixtures. This eliminates local fuel zones and reduces the maximum combustion temperature; 
hence, NOx and PM emissions [7]. The effect of low T90 (fuels 1 and 5) on PM formation is 
shown in Figure 31, which corresponds to results presented for high CN fuels in Figure 27 (fuels 
5 and 7) for SOI timing sweeps. Even though ignition delay is more dependent on CN, minor but 
noticeable differences were found for high and low T90 [49]. 
A drawback of using T90 as a fuel parameter can be seen in Figure 32, where the T90 
distillation temperature values for fuels 1 and 2 were clearly separated (284 vs. 346°C), but the 
T10 and T50 distillation temperatures were similar [24]. 
 
Figure 31 CN and T90 Effects on Ignition Delay and Soot 
Emissions at Medium Load [49] 
 
Figure 32 Distillation Curves for FACE 
Diesel Fuels [24] 
2.5 Diesel Particulate Matter 
Due to environmental concerns about particles, namely adverse health effects, decreased 
visibility and soiling of buildings, that are mainly produced by diesel and spark-ignited GDI 
engines, the US Environmental Protection Agency (EPA) set National Ambient Air Quality 
Standards (NAAQS) for particle pollution maintaining the allowed levels of PM10 (particles 
with a d50 of smaller than 10m aerodynamic diameter) at 150g/m
3
 average concentration, not 
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to be exceeded more than once per year on average over 3 years, and PM2.5 at 15g/m
3
 annual 
arithmetic mean, averaged over 3 years [53]. These standards are the result of many studies in 
the field of toxicology and epidemiology that have established adverse health effects due to 
particulate matter, namely cardiopulmonary and lung cancer mortality [54, 55]. 
2.5.1 Formation of Diesel Particulate Matter 
The US Environmental Protection Agency defines diesel particulate matter as the mass 
collected on a filter placed in the exhaust sample stream that has been diluted and cooled down 
to a temperature of 47°C ± 5°C [56]. Diesel particulate matter in the exhaust before dilution 
consists mainly of solid carbonaceous agglomerates, originating from combustion in locally rich 
regions, and a small amount of metallic ash from metal compounds in the fuel and lube oil [57]. 
Volatile or soluble organic compounds, mostly described as soluble organic fraction (SOF) and 
originating from partially burned and unburned fractions of fuel and lube oil, appear in the 
exhaust as well. A schematically illustration is given in Figure 33. However, due to dilution and 
cooling of the exhaust, a significant quantity of the volatile organic and sulfur compounds, being 
in gas phase at exhaust temperatures, is transformed to diesel PM by nucleation, adsorption and 
condensation. Most of it is adsorbed onto the surface of the existing carbonaceous agglomerates 
(heterogeneous nucleation), but a certain amount may also undergo “homogeneous nucleation to 
form new particles in the nanometer diameter range” [58]. The formation of these nucleation 
particles may be favored when solid carbon emissions are relatively low compared to emissions 
of volatile organic and sulfur compounds. Depending on temperature, dilution rate, humidity and 
relative concentrations of carbon and volatile matter, the volatile fraction may remain in the gas 
phase, condense on existing solid particles or nucleate and form new particles [3]. An example of 
typical particulate matter composition from a heavy-duty diesel engine (HDDE) tested over a 
heavy-duty (HD) transient cycle (FTP) on an engine test bench is depicted in Figure 34. The 
fraction associated with unburned fuel and lube oil (SOF) can vary from less than 10% to more 
than 90% depending on engine design and operating condition, but is highest for low exhaust 




Figure 33 Typical Composition and Structure of Engine 
Exhaust Particles [57] 
 
Figure 34 Typical Particle Composition for a HDDE 
Tested in a HD Transient Cycle (FTP) [57] 
2.5.2 Particle Size Distribution 
Particle size earned increasing attention by researchers in recent years and evidence was 
found that several health effects may be associated with particles having a diameter smaller than 
100nm that can penetrate cell membranes, enter into the blood and even reach the brain [3, 4]. 
Figure 35 shows a typical (idealized) diesel engine exhaust particle size distribution with 
distinction between mass and number weighting. Most of the particle mass exists in the so-called 
accumulation mode, which ranges from 100 to 300nm, consisting of the aforementioned 
carbonaceous agglomerates and associated adsorbed materials [57]. The nucleation mode, 
typically consisting of particles in the 5 to 50nm range, contains more than 90% of the particle 
number (1 to 20% mass). These particles are mainly formed from the volatile organic and sulfur 
compounds during exhaust dilution and cooling, but may also contain solid carbon and metal 
compounds. Accumulation mode particles that have been deposited on cylinder and exhaust 
system surfaces and/or the particulate sampling system and subsequently re-entrained are 
represented in the so-called coarse mode, containing 5 to 20% of the total PM mass [57]. Some 
size definitions for atmospheric particles based on their aerodynamic diameter, defined as the 
diameter of a 1g/cm
3
 density sphere of the same settling velocity in air as the measured particle, 
are also shown in Figure 35, namely PM10 consisting of particles with a d50 of 10m, fine 
particles of diameters below 2.5m, ultrafine particles of diameters less than 100nm and 
nanoparticles, characterized by diameters less than 50nm. Based on number weightings, almost 




Figure 35 Typical Engine Exhaust Particle Size Distribution 
(Mass and Number Weightings) [57] 
2.5.3 Nanoparticle Formation 
Due to the importance of nanoparticles for size and number characterization of diesel 
engine exhaust, laboratory experiments were performed exploring factors affecting the 
nanoparticle formation, namely dilution ratio and temperature as well as residence time and 
humidity. 
2.5.3.1 Dilution Ratio and Temperature 
In order to simulate real-world atmospheric dilution processes, and condition the particles 
in the raw exhaust in a way, such that the exhaust sample can be handled by the measurement 
system in terms of concentration and temperature, raw engine exhaust is diluted prior to 
measurement. Cooling the exhaust with low to moderate dilution ratios in the range of about 5 to 
50 results most likely in high saturation ratios (the ratio of partial pressure to vapor pressure of 
condensable species), thus nucleation, as shown in Figure 36, where raw exhaust was diluted 
using an ejector type dilutor [58, 59]. An investigation on the influence of dilution temperature 
on particle size distribution was performed using a medium-duty MY95 compliant diesel engine 
running on standard number 2 diesel fuel (0.03% sulfur content) at 50% load at 1600rpm. 
Particle size distributions were measured using a scanning mobility particle sizer (SMPS) in 
conjunction with a condensation particle counter (CPC) to quantify the size resolved number 
concentrations. The variation in primary dilution stage temperature at fixed residence time of 
400ms, fixed dilution ratios (first stage DR = 12, second stage DR = 60) and a dew point of 1°C 
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is illustrated in Figure 37. An increase in up to more than one order of magnitude for particles in 
the nanoparticle size range was observed by reducing the temperature from 65 to 32°C [58]. 
 
Figure 36 Influence of Dilution Ratio on 
Particle Size Distribution [59] 
 
Figure 37 Influence of Dilution Temperature on Particle 
Size Distribution [58] 
2.5.3.2 Residence Time and Humidity 
Using the same aforementioned diesel particle source at 50% load and 1600rpm, the 
influence of residence time in the primary dilution stage on particle size distribution at fixed 
dilution ratios (first stage DR = 12, second stage DR = 60), fixed primary dilution temperature of 
48°C and dew point of 1°C were investigated, see Figure 38. Particles in the nanoparticle size 
range were increased by almost two orders of magnitude for a change in residence time from 90 
to 900ms. However, for particles larger than about 50nm almost no changes were observed, 
indicating that they may consist of carbonaceous agglomerates [58]. 
 
Figure 38 Influence of Residence Time in Primary Dilution Stage on 
Particle Size Distribution [58] 
Rising the relative humidity from 15 to 50% with a dilution temperature of 30°C and 




2.6 Particulate Matter Number Concentration and Size Distribution in 
Advanced Combustion Modes 
Particulates from advanced combustion modes are different compared to conventional 
diesel combustion. A study on a 1.7L common-rail diesel engine with high pressure loop EGR 
exploring PCCI and HCCI combustion modes during steady state engine operation showed 
significantly higher soluble organic fractions (SOF) compared to the insoluble fractions at an 
operating point of 0.8bar BMEP and 1500rpm in PCCI combustion mode compared to the 
conventional combustion mode (see Figure 39). It is evident from Figure 39 that even for the 
higher PM emissions index (defined as fuel-specific PM mass emissions in g of PM/kg of fuel) 
in the PCCI mode the carbonaceous agglomerates fraction was clearly lower. The same trend 
was found for higher loads and speeds (2.6bar, 1500rpm and 2.2bar, 2000rpm) as well [60]. It 
was also reported, that the HCCI engine out SOF was greater than 95%. The same study further 
investigated particle size concentrations and distributions and revealed that most particles in 
PCCI mode have smaller diameters compared to conventional diesel operation, depicted in 
Figure 40. The geometric mean diameter for particles emitted during PCCI mode was half of that 
for particles from conventional operation, while the total number concentration was slightly 
lower as well [60]. However, it should be noted that it is difficult to draw conclusions from semi-
log particle size distribution graphs, since small differences appear to be significant. Therefore, 
log-log scales are more convenient. 
 
Figure 39 SOF (soluble) and Soot (insoluble) Emission 
Indices for Conventional and PCCI Combustion Mode [60] 
 
Figure 40 Comparison of Particle Size Distribution for 
Conventional and PCCI Combustion Mode [60] 
A comparison by the same authors between PCCI and HCCI combustion modes with 
comparable IMEP values showed even smaller particle diameters as well as total number 
concentration values for the HCCI mode, presumably due to enhanced fuel and air mixing in 
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HCCI mode that resulted in less particle formation than in PCCI mode, as shown in Figure 41 
[60]. 
 
Figure 41 Particle Size Distribution for PCCI and HCCI 
Combustion Mode [60] 
Similar results concerning SOF of engine out PM emissions as well as the shift in particle 
diameter towards nanoparticles during advanced combustion were obtained in an investigation 
on a GM 1.7L common-rail diesel engine comparing conventional diesel operation with partially 
premixed early and late injection LTC strategies [61]. 
The effect of a thermal denuder removing the organic fraction of the particles emitted by 
a DDC/VM Motori 2.5L common-rail diesel engine running in a so-called high efficiency clean 
combustion (HECC) mode at 4.2bar BMEP and 1800rpm is shown in Figure 42. With constant 
rail pressure at 490bar and about 50% EGR, the thermal denuder (TD) temperature and start of 
single injection timing (SOI) was varied as follows: (○) TD at 30°C, SOI at 2°BTDC; (□) TD at 
300°C, SOI at 2°BTDC; (●) TD at 30°C, SOI at 4°BTDC; and (■) TD at 300°C, SOI at 
4°BTDC. Advancing the single injection timing with low thermal denuder temperature lead to an 
increase in nanoparticle formation composed of organic fraction, which was shown to be 




Figure 42 Particle Size Distribution for Varying TD 
Temperatures and SOI Timings during 
HECC Mode [16] 
An experimental investigation on a 4.2L single cylinder research diesel engine running in 
LTC combustion mode with 60% EGR further showed a shift in particle size distributions 
towards nanoparticles for increased rail pressures, due to better fuel atomization, as shown in 
Figure 43 [62]. 
 
Figure 43 Particle Size Distribution with Varying Injection Pressure [62] 
 
Symbols see text p. 36 
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CHAPTER 3 EXPERIMENTAL SETUP 
All measurements in this study were conducted at the Engine and Emission Research 
Laboratory (EERL) at West Virginia University. The EERL is part of West Virginia University’s 
Center for Alternative Fuels, Engines and Emissions (CAFEE) and the transient heavy-duty 
engine test cell follows the recommendations outlined in the Code of Federal Regulations (CFR), 
Title 40, Part 1065 [56]. A schematic overview of the EERL’s measurement capabilities, for 
regulated and (some) unregulated engine exhaust emissions, is given in Figure 44. 
 
Figure 44 Schematic Overview of EERL’s Measurement Capabilities 
3.1 Test Engine 
The test engine used for this study was an in-line 4-cylinder common rail diesel engine 
model Z19DTH from General Motors, depicted in Figure 45. The intake air pressure was 
controlled via a variable turbine geometry (VTG) turbocharger. The engine was instrumented 
with thermocouples measuring engine lubricant, coolant, intake manifold and exhaust manifold 
temperatures. Inlet depression, intake manifold pressure and exhaust backpressure were 




Figure 45 Test Engine GM Z19DTH in the EERL 
Since EGR rates that were adopted for the advanced combustion research on this engine 
were higher than the original equipment manufacturer (OEM) specifications, a larger EGR 
cooler was fitted to the engine in order to reduce inherent higher intake manifold temperatures. 
An overview of the test engine specifications are shown in Table 4. 
 
Table 4 Test Engine Specifications 
Type CDTi Diesel Engine 
Manufacturer General Motors 
Model Z19DTH 
Valve Configuration 4 Valves per Cylinder 
Year 2005 




Compression Ratio 17.5:1 
Turbocharger Garret VGT 
Injection System Common Rail 
EGR Cooled, External 
Rated Power 110kW @ 4000rpm 
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3.2 Laboratory Instrumentation 
This section describes the laboratory instrumentation in the EERL that was used for this 
study. The exhaust dilution system, gaseous emissions measurement instrumentation and 
particulate matter sampling system and technique, as well as in-cylinder pressure measurement 
and the engine and dynamometer control system are presented. 
3.2.1 Constant Volume Sampling (CVS) Dilution Tunnel 
A total-exhaust dilution, constant-volume sampling (CVS) tunnel, designed to simulate 
the mixing of exhaust gas with ambient air conditions, maintains a nominally constant total 
molar flow rate of the diluted exhaust, as outlined in the Code of Federal Regulations (CFR), 
Title 40, Part 1065, Subpart 140 [56]. To accurately measure and actively control the flow rate 
maintaining proportional sampling of the exhaust constituents, a subsonic venturi (SSV) flow 
meter is used, see Figure 46. The SSV was calibrated for a Reynolds number at the throat greater 
than the maximum Reynolds number expected during testing and used only between the 
minimum and maximum calibrated flow rates. 
 
Figure 46 CVS-SSV Tunnel in the EERL 
3.2.2 Gaseous Emissions Measurement 
Diluted exhaust gas emissions extracted from the CVS tunnel were measured 
continuously using a Horiba MEXA-7200D gaseous emissions analyzer and included total 
hydrocarbons, carbon monoxide as well as carbon dioxide and oxides of nitrogen. NOx and 
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oxygen concentrations were measured in the raw exhaust and intake manifold using Horiba 
MEXA-720 NOx analyzers, respectively. 
3.2.2.1 Horiba Automotive Emission Analyzer System MEXA-7200D 
The Horiba automotive emission analyzer system MEXA-7200D is a modular 
components system consisting of a main control unit, an interface controller (provides 
communications between the modules and the main control unit), an analyzer rack with up to 
five analyzer modules, a heated analyzer module for THC, THC/CH4, NOx and NO/NOx 
analyzers, a power supply unit, as well as a solenoid valve selector, which routes zero, span and 
sample gas to the analyzer modules, and a sample handling system dehumidifying the sample gas 
and directing it to the analyzers. A separate heated oven unit cart contains up to three heated 
analyzers (THC, NOx and CH4) with heated lines, pumps and solenoid valves [63]. The analyzer 
system is shown in Figure 47 below. 
 
Figure 47 MEXA-7200D with Oven Unit (left) in the EERL 
Main Control Unit 
Interface Control Unit 
Analyzer Rack 
Solenoid Valve Unit 
Power Supply Unit 
Heated Analyzer 
Gas Divider 
Sample Handling Unit 
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The analyzer modules measuring the concentration of CO and CO2 (cold dry sample) use 
the non-dispersive infrared (NDIR) principle. Infrared energy at specific wavelengths is absorbed 
by a molecule consisting of different atoms and the degree of absorption is proportional to the 
concentration at constant pressure [64]. In a NDIR analyzer, an infrared beam is passed through 
a sample and a comparison cell by a light source. The comparison cell is filled with a gas non-
absorbent to infrared radiation (such as nitrogen). Figure 48 shows an example of an NDIR 
configuration. 
 
Figure 48 Example of NDIR Configuration [64] 
A sealed capacitor type detector, consisting of two cells separated by a movable 
membrane and filled with the gas to be measured, transforms the displacement of the membrane, 
which moves as a result of the differential pressure generated by the difference in quantity of 
radiation each gas received and therefore heated up and expanded, into an electrical output 
signal. To prevent interference with another gas component absorbing infrared radiation in the 
same wavelength range, an optical filter in front of the detector is used to eliminate the 
absorption area of the interfering component [64]. 
The concentration of total hydrocarbons is measured employing hydrogen (H2) flame 
ionization detection (FID) (heated wet sample). Hydrocarbons introduced into a hydrogen flame 
generate ions, which are proportional to the number of carbon atoms in the sample. This 
measurement principle is sensitive to almost all hydrocarbon compounds [65]. Figure 49 shows a 




Figure 49 Example of FID Configuration [65] 
The sample gas is mixed with H2 and directed into the H2 flame. Ions in the high-
temperature area are generated following the reaction in Equation 1: 
               (2) 
where the stars (*) denote radicals. A DC voltage is applied on two electrodes in the ion collector 
which causes a migration of ions towards them and a current can be measured and amplified. 
Due to the proportionality of the current to the number of carbon atoms, this is a measure of the 
total hydrocarbons (THC), but no information of different hydrocarbon components can be 
obtained by this method [65]. 
The analyzer module measuring NO and NOx concentration (heated dry atmospheric 
sample) uses a chemiluminescence detector (CLD). Sample gas containing NO is mixed with 
ozone gas (O3) in a reactor to be oxidized into nitrogen dioxide (NO2), whereas part of the NO2 
is in excited state, releasing excited energy as light (radiation) when returning to the ground 
state, as shown in Equations 3 and 4: 
         
     (5) 
   
         (6) 
where the star (*) denotes the NO2 molecules in excited state. The light released is directly 
proportional to the NO molecule quantity before the reaction and therefore a measure of the NO 
concentration. This chemiluminescence signal is detected photo-electrically. Excited NO2 
molecules can also return to ground state without radiation emission due to collision with other 
molecules (H2O, CO2, N2 or O2). This interference can be reduced by reducing the pressure in 
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the reaction chamber. Since there is also NO2 in the initial sample that does not have 
chemiluminescence, it has to be converted to NO by means of a NOx converter. The 
measurement of the converted NO2 and the aforementioned NO measurement can therefore be 
added up to yield the NOx concentration. 
3.2.2.2 Horiba MEXA-720 NOx Analyzer 
Two heated zirconia-ceramic (ZrO2) sensors were installed in the intake manifold and 
exhaust pipe directly as parts of MEXA-720 NOx analyzer units (see Figure 50), which are 
capable of measuring NOx concentrations, air/fuel ratio, excess air ratio (lambda) and O2 
concentrations simultaneously. The measurement principle of a zirconia sensor is depicted in 
Figure 51. It is based on the oxygen conducting properties of zirconia [66]. Zirconia is used as an 
ion pump lowering the oxygen concentration from the sample gas to approximately 10ppm in the 
first internal cavity, where nitrogen dioxide is reduced to nitric oxide and oxygen. The pump 
current, depending on the amount of oxygen pumped, is measured and used to calculate the 
oxygen concentration in the sample gas. Further lowering the oxygen concentration to nearly 
zero ppm (1ppb) is achieved by an auxiliary oxygen pump (not showed in schema). Nitric oxide 
is further split into nitrogen and oxygen. A measure of the oxygen generated is the current 
created by the zirconia ion pump and can be used to calculate the NO concentration, which is an 
indicator of the NOx concentration in the exhaust stream, since NO2 is reduced to NO in the first 
internal cavity [67]. 
 
Figure 50 Horiba MEXA-720 NOx [68] 
 




Intake oxygen concentration was one of the primary controlled operating parameters in 
this study and raw exhaust O2 concentration was used along with intake O2 concentration to 
determine actual EGR fractions. 
3.2.3 Particulate Matter Sampling Setup 
Nanoparticle number concentration and size distributions were determined using the 
Exhaust Emissions Particle Sizer (EEPS
TM
) spectrometer from TSI Inc. (model 3090) as well as 
the Differential Mobility Spectrometer (DMS) from Cambustion (model DMS500). Continuous 
exhaust gas samples were extracted from the CVS tunnel (dilution ratio DR ≈ 10) and routed 
through a double stage dilution system using ejector type dilutors, see Figure 52. The first stage 
was maintained at 140°C (DR ≈ 6) in order to suppress condensation and particle nucleation 
phenomena, while the second stage utilized dilution air at ambient temperatures (~25°C,  
DR ≈ 11). 
 
Figure 52 Experimental Setup for Nanoparticle Sampling 
3.2.3.1 Single Stage Air-Operated Vacuum Generator (Air-Vac) 
For the hot and cold stage dilution of the particulate sample, two single stage air-operated 




 stage mini-dilution 
tunnel, shown in Figure 52. Compressed air, filtered with a High-Efficiency Particulate Air 
(HEPA) filter and dried with a desiccant air line dryer, was supplied to the model TD110H 
ejector diluter. The compressed air thereby created a high velocity through expansion into an 
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open vacuum passage, as shown in Figure 54. This method allows solid material to flow from 
either the CVS dilution tunnel or 1
st
 stage mini dilution tunnel through the pump without any 
decrease in the vacuum flow rate [69]. 
 
 
Figure 53 Air-Vac TD Series [70] 
 
Figure 54 Air-Vac Working Principle [69] 
 





dilution creating fixed dilution ratios. Table 5 lists the parameters and conditions set throughout 
this study. In order to achieve a hot 1
st
 stage dilution, a heated line (about 4 meters long) for the 
dilution air in conjunction with a flexible heating tape for the mini-dilution tunnel was installed 
and controlled via Omega temperature controllers (CNi32 Series). 
 






















 stage hot 
dilution 
140±5 22 60 113 135 6.1 
2
nd
 stage cold 
dilution 
25±5 11 60 113 124 11.3 
 
3.2.3.2 Residence Time 




 stage mini-dilution tunnels were 
calculated from the dilution system dimensions and the mass flow rates set during the tests and 












CVS Tunnel 31±2 10874 6935 
1
st
 stage hot 
dilution 
140±5 135 519 
2
nd
 stage cold 
dilution 
25±5 124 373 
 
3.2.3.3 Exhaust Emissions Particle SizerTM Spectrometer (EEPSTM) 
The TSI model 3090 EEPS
TM
 spectrometer measures the particle size based on 
differential electrical mobility classification. The sample aerosol entering the measurement 
column is first charged by a negative diffusion charger in order to reduce the number of highly 
positive charged particles and prevent particle overcharging in the second charger. A predictable 
net positive charge is then applied to the particles before they enter the measuring section. The 
charged particles are then deflected radially outwards toward the outer cylinder wall by means of 
a positive high-voltage center-electrode and collected on electrically isolated electrode rings, 
depicted in Figure 55. Small particles, which have high electrical mobility, are deflected to the 
electrode rings near the top, whereas larger particles are deflected further downstream as flow 
moves from the top to the bottom of the measurement column. Particles, which land on the 
sensing electrodes, transfer their charge. The particle number concentration is then determined 
by measuring the electrical current at the electrode rings with electrometers, see Figure 55. 
Conceptually, the EEPS
TM
 spectrometer works similarly to a Differential Mobility Analyzer 
(DMA), with the difference that particles are deflected towards the outer cylinder wall, rather 





Figure 55 Schematic Diagram of the Model 3090 EEPSTM Spectrometer [71] 
The EEPS
TM
 spectrometer can measure a particle size range of 5.6 to 560nm, has a 
particle size resolution of 16 channels per decade (32 in total) and incorporates 22 electrometer 
channels. An inlet cyclone with a cut point of 1m removes large particles that are above the 
instrument’s size range. The maximum data rate allows up to 10 size distributions per second. 
3.2.3.4 Differential Mobility Spectrometer (DMS) 
The DMS500 measures particle size spectra very similar to the EEPS
TM
. The aerosol 
sample passes through a corona discharge charger, which produces positive ions, to charge the 
particles and flows into the classifier column, see Figure 56. Particles are then deflected towards 
the electrode rings by means of a central high-voltage rod according to their electrical mobility. 
The small currents (fA) are measured by the electrometer amplifiers and the particle number 




Figure 56 DMS500 Classifier [72] 
The particle size range of the DMS500 is 5 to 1000nm with the specified sample flow of 
8slpm. Its particle size resolution is 16 channels per decade, 16 between 10 and 100 and 16 
between 100 and 1000 (32 in total) and incorporates 22 electrometer channels. An inlet cyclone 
with a cut point of 1m removes large particles that are above the instrument’s size range. The 
maximum data rate also allows up to 10 size distributions per second. The DMS500 uses an 
external vacuum pump. 
3.2.3.5 AVL 483 Micro Soot Sensor 
The AVL Micro Soot Sensor, consisting of a measuring unit and an exhaust conditioning 
unit, is capable in measuring the soot concentration in the raw exhaust based on the 
photoacoustic measurement method. The exhaust conditioning unit itself consists of a dilution 
unit and a pressure reducing unit with dilution cell. The dilution ratio (DR) can be set from 2 to 
20. The exhaust conditioning unit with sample probe is depicted in Figure 57. The sampling 
probe has a 45° incline in exhaust gas line axis looking into the direction of the flow. Figure 58 





Figure 57 Exhaust Conditioning Unit 
 
Figure 58 Functional Diagram of AVL Micro 
Soot Sensor [73] 
The principle of the photoacoustic measurement method can be seen in Figure 59, where 
a strongly absorbing (“black”) soot particle is exposed to modulated light from a laser beam. The 
modulated heating and cooling result in an expansion and contraction of the carrier gas 
producing a sound wave which can be detected by a microphone. The signal is proportional to 
the concentration of soot in the measurement volume, where clean air produces no signal. A soot 
concentration up to 50mg/m
3
 can be detected by the measurement cell, while the resolution of 
the measurement value is ≤ 0.01mg/m
3
 (defined as 3 of the zero signal measurement variation). 
In order to achieve a good sensitivity, an “open-pipe” resonance cell design is used, where a 
standing acoustic wave with pressure wave amplitude maximum in the middle is formed by 
means of acoustic notch filters (expanded cells at both ends), as depicted in Figure 60. 
 
 
Figure 59 Principle of Photoacoustic Measurement [73] 
 
Figure 60 Resonant Cell Design [73] 
Since the windows of the measurement cell can become contaminated by this 
measurement principle increasing the zero signal, this zero signal was determined between each 
measurement and the measurement cell was periodically cleaned. 




3.2.4 In-Cylinder Pressure Measurement 
A piezoelectric crystal high temperature pressure sensor type 6058A1 (Figure 61) with a 
measuring range of 0 to 250bar from Kistler was installed with a type 6544Q glow plug adapter 
(Figure 62), replacing the OEM glow plug for cylinder number 3. 
 
Figure 61 Kistler High Temperature Pressure Sensor Type 6058A1 [74] 
 
Figure 62 Kistler Glow Plug Adapter Type 6544Q with Pressure Sensor [75] 
Instantaneous in-cylinder pressure, as well as intake temperature, exhaust temperature 
and engine speed, were measured and numerous combustion parameters were calculated by 
means of a custom combustion analysis software, which allowed for real-time pressure, 
temperature, heat release rate (HRR) and mass fraction burned (MFB) plots to overview engine 
operation in general and misfiring or high pressure variation (pmi) in particular. The charge 
signals were converted to an output voltage using a Kistler type 5010B charge amplifier and a 
model H25 shaft encoder from BEI Sensors with a resolution of 720 counts per revolution 
provided accurate piston position needed for pressure recording. 
 
Figure 63 Kistler Pressure Sensor on GM Z19DTH 
 
Figure 64 BEI Model H25 Shaft Encoder on GM Z19DTH 
 
Kistler Pressure Sensor 
BEI Shaft Encoder 
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3.2.5 Control of Engine Operating Parameters 
In order to have full control on the engine operating parameters, an open engine 
controller from Drivven Inc. was used. The controller is based on National Instruments (NI) 
hardware. Operating parameters such as main start of injection (SOI), number and duration of 
fuel injection events, turbocharger boost (by controlling VGT vane position), EGR rate, rail 
pressure, throttle, and more, were accessed and controlled to obtain advanced combustion 
regimes. 
3.2.6 Laboratory and Dynamometer Control 
The GM Z19DTH engine was coupled to a Medsker Electric Inc. (MEI) alternate current 
(AC) dynamometer operated in speed mode (see Figure 65). Engine torque was controlled by 
means of a proportional-integral-derivative (PID) throttle controller integrated into the 
laboratory’s data acquisition system (DAQ). The EERL’s DAQ system is an in-house solution 
using National Instruments (NI) hardware and software developed by CAFEE with high-grade 
automation capabilities for engine testing as well as calibration and quality control. The DAQ 
system follows the recommendations outlined in 40 CFR, Part 1065 [56]. 
 




CHAPTER 4 METHODOLOGY 
4.1 Fuel Properties 
The Advanced Vehicles, Fuels, and Lubricants committee of the Coordinating Research 
Council specified and formulated a matrix of nine test fuels for advanced combustion engines 
(FACE) based on the variation of three properties: 
1. Cetane number (CN), a measure of ignition quality; 
2. Aromatic content, a measure of chemistry; and 
3. The 90 percent distillation temperature (T90), a measure of volatility. 
These properties were obtained by fuel blending and determined to be of primary 
importance to the performance of advanced combustion engines [35]. The target values build up 
a 2
3
 full factorial statistical design with a center run representing average marketplace values of 
the design variables [76]. This design theoretically allows investigation of CN-aromatic content, 
CN-T90, aromatic content-T90, as well as CN-T90-aromatic content interactions. A graphical 
representation of the design matrix is shown in Figure 66, where target values (in blue) of the 
three factors at two levels build a design cube. The actual values of the formulated fuels are 
represented, as well (in red). 
 
Figure 66 FACE Diesel Fuels Design Matrix: Target (Blue)  
vs. Actual Values (Red) 
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The target values selected were: 
 CN: 30 and 55 
 T90: 270 and 340°C 
 Aromatic content: 20 and 45% (mass) 
Table 7 lists these target values together with actual values resulting from ASTM 
International standard analyses. Close matches could be achieved for most of the fuels; however, 
greater differences had to be accepted for FACE 7 and FACE 8, since difficulties in achieving 
the desired CN simultaneously targeting aromatic content occurred [35]. This is due to the 
dependence of CN and aromatic content as high aromatic content in diesel fuels tends to be 
accompanied by low CN [49]. 
The hydrogen-to-carbon ratio was determined by converting the mass fractions from the 
elemental analysis into molar fractions in order to get the values used to adapt the carbon balance 
calculations for each fuel. The net heat of combustion for each fuel is in vicinity of the other 
values for the fuels in the designed set with a coefficient of variance (COV) of 0.78%. 
 




















Net Heat of 
Combustion 
[MJ/kg] 
Tgt. Act. Tgt. Act. Tgt. Act. Actual Actual Actual 
FACE 1 30 29.93 20 26.1 270 269 0.8084 1.956 42.803 
FACE 2 30 28.00 20 23.1 340 336 0.8037 1.988 43.155 
FACE 3 30 32.02 45 50.0 270 270 0.8401 1.749 42.147 
FACE 4 30 28.44 45 40.7 340 337 0.8355 1.819 42.495 
FACE 5 55 54.20 20 22.2 270 276 0.8086 1.967 42.897 
FACE 6 55 53.30 20 21.1 340 341 0.8411 1.871 42.797 
FACE 7 55 44.30 45 46.2 270 267 0.8375 1.773 42.359 
FACE 8 55 50.00 45 43.5 340 342 0.8682 1.704 42.196 
FACE 9 42.5 44.95 32.5 37.0 305 321 0.8465 1.788 42.465 
ULSD - 44.00 - 34.7 - 306 0.8496 1.796 42.857 
Note: Tgt. = Target Value; Act. = Actual Value 
 
During this study, eight out of the nine test fuels were used and FACE 2 was replaced by 
an ultra low sulfur diesel (ULSD) 2007 certification fuel as a “check fuel.” The reason for this is 
the rather “odd” fuel property behavior of FACE 2, namely the distillation temperature values, as 
discussed in subsection 2.4.3 and shown in Figure 32. 
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4.2 Particle Concentrations and Size Distributions 
Most aerosol size distributions are skewed to the right, as shown in Figure 67. For such a 
distribution the relation between the mode (most frequent size or the diameter of the highest 
particle concentration), the median (diameter for which half of the total number of particles are 
smaller and half larger) and the mean (arithmetic average) is as follows [77]: 
                 (7) 
A logarithmic transformation of the size data has been extensively used due to the 
empirically best fit of the observed size distributions. Statistical analysis of particle size 
distributions is therefore routinely based on lognormal distributions, shown in Figure 68. 
 
Figure 67 Example Linear Scale Aerosol 
Size Distribution [78] 
 
Figure 68 Example Log Scale Aerosol 
Size Distribution [78] 
Particle size data can be plotted on a log scale as a function of the particle concentration 
(dN) for each particle size bin, as depicted in Figure 68. The mode concentration is then defined 
by the concentration in the peak bin. The midpoint particle diameter (Dp) of this peak bin is the 
so-called count mode diameter. A problem can occur by using the particle concentration (dN) 
and comparing data taken from different instruments with different channel resolutions. As an 
example, same data taken with a particle sizing instrument with a channel resolution of 32 
compared with another with 64 channel resolution leads to a nearly doubled particle mode 
concentration because the width of the bins is twice as large. In order to get comparable data, 
normalized particle concentration is used (dN/dlogDp). The particle concentration is thereby 
divided by the bin width, as indicated in Equation 8: 
  
      
 
  




where Dp,u is the upper channel diameter and Dp,l is the lower channel diameter. The advantage of 
plotting particle number distributions using normalized particle concentration is that the number 




 model 3090 and the Cambustion DMS500 have equally spaced size 
channels on a log scale. The difference between every upper and lower channel is therefore 
(approximately) the same. Both instruments have 16 channels per decade resolution; therefore 
the logarithmic difference between each size class is 1/16. This means, to calculate the 
normalized particle concentration, the concentration value for each bin is divided by 1/16, hence 
multiplied by 16. 
In order to calculate a total number concentration (TNC) of the particle size distribution, 
the normalized particle concentration values have to be summed up followed by a division by the 
channels per decade resolution, in this case by 16, as described with Equation 10: 





        
 
    (11) 
Due to the difference in particle number concentration of several orders of magnitude 
over the diameter range, diesel engine exhaust is therefore often depicted on a log-log scale. In 
this way, significant changes and trends can be examined for two to four orders of magnitude 
change. 
4.3 Inference Calculations 
The purpose of statistical inference is to draw conclusions from data by probability 
calculations. Probability calculations help distinguish between patterns that are consistent or 
inconsistent [80]. In this study, the idea of significance testing was applied. A significance test is 
a procedure for comparing observed data with a hypothesis, which is a statement about the 
population parameters. The results are represented in terms of a probability measuring how well 
the data and the hypothesis agree. The statement tested in a test of significance is called the null 
hypothesis (H0) and the strength of the evidence against the null hypothesis, which is a statement 
of “no effect,” is evaluated. The statement one suspects to be true instead of the null hypothesis 
is the so-called alternative hypothesis (Ha). The probability, assuming H0 is true, that the test 
statistic would take a value as extreme or more extreme than the actually observed is called the 
 
57 
P-value of the test. The smaller the P-value, the stronger the evidence against H0 provided by the 
data [80]. If the P-value is as small as or smaller than a value called the significance level, the 
data are statistically significant at that level. The standard significance level is 0.05 or 5%, which 
is used throughout this study. 
In this study, t-Tests of the null hypothesis that the data from two independent random 
samples from normal distributions with equal means but unequal and unknown variances, against 
the alternative hypothesis that the means are not equal were performed using the MATLAB
®
 
function “ttest2.” After stating the H0 and Ha, a test statistic is calculated on which the t-Test is 
based. Significance tests for H0: 1 = 2 use the following two-sample t statistic: 
  










where     is the sample mean, si is the sample standard deviation and ni the sample size. The P-
value is then approximated using a t-distribution and together with the significance level a 
conclusion about the evidence against H0 can be stated. The t-Test assumes that the data are 
independently sampled from a normal distribution. Therefore, the data to be tested were assessed 
by testing this assumption that the samples come from normal distributions with normal 
probability plots. Figure 69 shows an example of a normal probability for mode particle 
concentration. The scatter follows well the straight line through the first and third quartile of the 
sample, indicating approximate normal distribution of the data. Other data examination was 
performed using box plots. A box plot displaying the distribution of two samples around their 
median is depicted in Figure 70. The central box spans the first (Q1) and third (Q3) quartiles, 
whereas the lines extended from the box indicate the smallest and largest observation. 
Observations that are suspected as outliers falling more than 1.5 times the interquartile range 
(IQR = Q3 – Q1) above the third or below the first quartile are listed separately, as shown in 
Figure 70 [80]. This approach provides a visual check about the quality of the data and may 




Figure 69 Normal Probability Plot for Mode Particle 
Concentration of FACE 1 (Test 19) 
 
Figure 70 Box plot for Mode Particle Concentration of 
FACE 3 and FACE 1 (Test 19) 
T-tests are relatively robust against the aforementioned test assumption if the sample size, 
in this study 200s of measurement time at 1Hz sample frequency, is large enough. The calculated 
sample means     have approximately normal sampling distribution with mean equal to the 
population mean  for increasing sample sizes [80]. 
4.4 Optimal Split and Single Injection Tests 
In order to get a first comparison of the particle size distributions for different FACE 
diesel fuels during low temperature combustion and due to the large number of tests performed 
for each fuel, optimal split injection tests were selected by isolating the ten tests with the highest 
brake thermal efficiency (BTE). Out of these ten tests, the test with the highest BTE, the test with 
the lowest soot emissions and the test with the lowest NOx emissions were selected. The three 
optimal single injection tests were selected similar to the split injection tests out of all single 
injection tests performed. 
The set order for the selected optimal tests was sorted according to the fuel’s cetane 
number in order to show the increase in CN in the graphs. The test set FACE 4 was measured 
with the Engine Exhaust Particle Sizer
TM
 Spectrometer from TSI (model 3090 EEPS
TM
), whereas 
the remaining eight sets were measured with the Differential Mobility Spectrometer (DMS) from 
Cambustion (model DMS500). The EEPS
TM
 cut-off limit, which is the instrument detection limit 
corrected for DR, was plotted in the corresponding graphs to show the relation between 
measured values and instrument restriction. The values of each channel were averaged over the 
sampling time similar to the other emissions measured during this project. 
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4.4.1 Split Injection Control Strategy 
Based on the concept of the UNIBUS control strategy (see Section 2.2.1.2), a split 
injection control strategy was refined for use with the GM Z19DTH engine and the FACE diesel 
fuels to be used during the study. The fuel injection parameters, namely main SOI timing, pilot 
SOI timing and fuel split in percent of pilot injection quantity, were varied while holding the 
intake oxygen concentration at 16% as a surrogate for EGR fraction. The exhaust gas 
recirculation fraction can be quantified on the basis of the volume percent of CO2 in the ambient 
air, intake air and exhaust [16]. However, an alternative is calculating the EGR fraction based on 
the oxygen concentration, as given in Equation 13 and used in this study: 
       
                               
                                
 (14) 
The engine operating conditions for the split injection strategy are listed in Table 8. 
Significantly different fuel properties required a grouping by CN to form three different split 
injection matrices with accordingly adjusted fuel injection parameters based on CN. For low CN 
fuels, more advanced range of SOI timing was selected to limit the presence of misfiring at 
retarded main SOI timing, due to the longer ignition delay inherent to these fuels. In order to 
limit heat release before the main injection event, pilot SOI timings were adjusted as well. These 
low, medium and high cetane split injection test matrices are listed in Table 22 to Table 24 in 
APPENDIX A. 
 
Table 8 Engine Operating Conditions for Split Injection Strategy 
Engine Speed 2100rpm 
BMEP 3.5bar 
Intake Oxygen Concentration 16% 
Rail Pressure 1600bar 
Fuel Temperature 31°C 
Coolant Temperature 86°C 
 
4.4.2 Single Injection Control Strategy 
For each of the FACE diesel fuels, a single injection strategy was also explored. Intake 
oxygen concentration, as a surrogate for EGR fraction, and rail pressure were varied while 
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holding the location of 50 percent mass fraction burned (CA50) constant at 7°ATDC by 
adjusting SOI timing for each test and fuel in order to achieve the most advanced combustion 
phasing while still retaining “safe” pressure rise rates (below 10bar/°CA). Table 9 gives an 
overview of the engine operating conditions for this single injection strategy. 
 
Table 9 Engine Operating Conditions for Single Injection Strategy 
Engine Speed 2100rpm 
BMEP 3.5bar 
CA50 7°ATDC 
Fuel Temperature 32°C 
Coolant Temperature 84°C 
 
For an overview of the single injection test matrix, refer to Table 25 in APPENDIX A. 
4.5 Low, Medium and High Cetane Fuel Comparison 
In order to block out the predominant effects of the cetane number, the fuels were 
grouped into “low”, “medium” and “high” cetane fuels for comparison purposes. The test runs 
showed in the corresponding graphs were selected in a way to show a maximum of tests meeting 
four of the five criteria for advanced combustion defined for this specific GM Z19DTH engine. 
Table 10 gives an overview of the criteria to be met for advanced combustion by the GM 
Z19DTH engine. 
 













< 1000 < 50 < 3000 < 10 > 30 
 
These specific criteria were defined based on data from other projects on this engine 
combined with the intrinsic experience of FACE fuel project committee members
1
. However, a 
drawback of these definitions is its basis on concentration rather than brake specific, which 
makes it flow rate dependent and impossible to compare with other engine platforms. 
                                                 
1 AVFL-16 Technical Panel: Tennant, C., Coordinating Research Council, Inc.; Cannella, B., Chevron Energy 
Technology Co.; Sluder, S., and Wagner, R., Oak Ridge National Laboratories. 
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Nevertheless, these criteria are used as a measure of advanced combustion regime in this study. 
Table 11 lists the selected test runs with highlighted runs meeting four out of the five criteria. 
 
Table 11 Selected Test Runs for Low, Medium and 
High Cetane Fuel Comparison 
Fuel CN Group Test # Showed in Graphs 
FACE 4 low 19 28 
FACE 1 low 19 28 
FACE 3 low 19 28 
ULSD medium 19 28 
FACE 7 medium 19 28 
FACE 9 medium 19 28 
FACE 8 high 19 28 
FACE 6 high 19 28 
FACE 5 high 19 28 
Note: highlighted test # meet four out of five criteria in Table 10 
 
For the low cetane group, the EEPS
TM
 cut-off limit, which is the instrument detection 
limit corrected for DR, was again plotted to show the relation between measured values and 
instrument restriction. The EEPS
TM
 was used for FACE 4 only, whereas FACE 1 and 3 were 
measured using the DMS500. 
To show similar information as the EEPS
TM
 cut-off limit for runs measured with 
DMS500 only, a total background average was plotted for medium and high cetane fuels. 
4.6 Injection Timing Comparison 
For a low and high CN fuel, namely FACE 4 and 8, trends of start of injection (SOI) 
timing variation during split injection strategy at a selected pilot SOI and fuel split in percent of 
pilot injection quantity (40°BTDC and 35%) were studied as an additional comparison. 
4.7 Rail Pressure and Intake Oxygen Concentration during Single Injection 
The effect of varying rail pressure was evaluated for a low and high CN fuel (FACE 1 
and 5) as well as for two high CN fuels with low and high 90 percent distillation temperature. 
The consequences of varying intake oxygen concentration as a surrogate for EGR fraction was 
then examined again for a low and high CN fuel (FACE 4 and 8) during single injection strategy. 
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4.8 EEPSTM and DMS Measurement System Comparison 
Due to unavailability of the EEPS
TM
 measurement system after the first measurement set 
(FACE4), the DMS500 was set up under the same conditions for the subsequent 8 measurement 
sets. In a study performed by the Californian Air Resource Board (CARB), the EEPS
TM
 and 
DMS showed “relatively good agreement” even though a slight offset in accumulation mode was 
detected [81]. Nevertheless, an opportunity was taken after completing this study to examine 
simultaneous sampling from the 2
nd
 stage mini dilution tunnel with the EEPS
TM
 and DMS for 





CHAPTER 5 RESULTS AND DISCUSSION 
In this section, concentration and size distributions of PM emissions from the optimal 
split and single injection tests are presented, followed by a comparison of low, medium and high 
cetane fuels. Further, effects of varying injection timing during split injection strategy as well as 
rail pressure and intake oxygen concentration during single injection strategy for selected FACE 
diesel fuels are discussed. 
5.1 Optimal Split Injection Tests 
The particle size distribution for the optimal split injection test for low NOx, depicted on 
a log-log scale, is shown Figure 71. The particle diameter Dp in nanometers is plotted versus the 
normalized particle concentration, which is integrated over each bin (instrument channel), in 
number of particles per volume (cm
3
). In general, there is an increase in particle number 
concentration with simultaneous increase in particle diameter as the fuel CN increases for the 
low NOx tests, as indicated with an arrow in Figure 71. The shorter ignition delay for higher CN 
fuels leads to a greater inhomogeneity of the cylinder charge and therefore increased particle 
emissions due to higher fuel fractions allocated to the diffusion burning, compared to lower CN 
fuels. Similar trends could be seen for low soot and highest BTE tests (shown in APPENDIX C). 
These additional graphs in APPENDIX C are presented as a version with and without error bars 
on one page for comparison purposes. The cut-off limit of the EEPS
TM
, which is the instrument’s 
detection limit corrected for DR, was plotted to show the relation between measured values and 
instrument limitation. The legend shows the engine control parameters, such as main start of 
injection, pilot start of injection (both in  BTDC) and the fuel split of pilot (in %) as a number 
code, as well as the fuel used for the individual tests. In the upper left, the dilution ratio as an 




Figure 71 Particle Size Distribution for Optimal Split Injection Tests 
for Low NOx – Filled Markers for EEPS
TM 
Emissions of the optimal split injection tests for low NOx are listed in Table 12, where 
highlighted cells meet the criteria in Table 10. With the exception of FACE 4 all the other fuels 
reach a brake thermal efficiency of more than 30%. 
 















FACE 4 20 7.35 0.476 19.72 6.6 29.4 
FACE 1 19 4.36 0.549 16.45 9.1 30.4 
FACE 3 28 4.59 0.485 17.64 30.4 30.2 
ULSD 29 1.90 0.438 10.18 138.6 31.4 
FACE 7 20 1.77 0.501 10.11 161.8 31.1 
FACE 9 21 1.86 0.599 9.72 128.6 31.7 
FACE 8 13 1.38 0.575 7.37 314.0 31.8 
FACE 6 16 1.82 0.460 11.56 264.2 31.8 
FACE 5 29 1.09 0.384 6.63 131.8 31.5 
Note: highlighted cells meet criteria in Table 10 
Figure 72 shows a comparison of FACE 4 (low CN) and 5 (high CN). It can be seen that 
the particle diameter at the highest particle number concentration, the count mode diameter 




FACE 5 (high CN) shows distinctive accumulation and nucleation modes. Figure 72 also 
includes error bars for each mean value as one standard deviation, indicating that conclusions 
regarding nanoparticles size distribution and concentrations have to be carefully drawn. 
 
Figure 72 Particle Size Distribution for Optimal Split Injection Tests for 
Low NOx – Low and High CN (Error = 1); 
Filled Markers for EEPSTM 
5.2 Optimal Single Injection Tests 
Trends for the optimal low NOx single injection tests can be seen in Figure 73 (see 
arrow). Higher particle number concentrations were found for higher cetane numbers. Similar 
trends can be seen for low soot and highest BTE tests as well (see APPENDIX C). These 
additional graphs in APPENDIX C are again presented with and without the error bars on one 
page for comparison purposes. The legend shows the engine control parameters, such as intake 
O2 (in %) and rail pressure (in bar) as a number code, as well as the fuel used for this test. 













Figure 73 Particle Size Distribution for Optimal Single Injection Tests 
for Low NOx – Filled Markers for EEPS
TM 
An emissions comparison between the optimal split and single injection tests for low NOx 
is given in Table 13. NOx emissions are significantly lower for the single injection strategy while 
brake thermal efficiency is slightly higher compared to the split injection strategy. Soot emission 
values confirm the trend seen for the particle size distributions in Figure 73 with significantly 
higher values for the single injection strategy with FACE 9, 5, 6 and 8, increasing in this order. 
Intake oxygen concentration was held at 16% for split and 12.5% for single injection strategy. 

















Split Single Split Single Split Single Split Single Split Single Split Single 
FACE 4 20 50 7.35 6.91 0.476 0.083 19.72 19.10 6.6 2.0 29.4 30.5 
FACE 1 19 51 4.36 3.58 0.549 0.107 16.45 12.65 9.1 2.0 30.4 32.7 
FACE 3 28 49 4.59 2.94 0.485 0.119 17.64 17.09 30.4 20.2 30.2 32.0 
ULSD 29 50 1.90 1.30 0.438 0.134 10.18 10.93 138.6 103.3 31.4 33.4 
FACE 7 20 50 1.77 1.38 0.501 0.137 10.11 13.73 161.8 168.7 31.1 32.1 
FACE 9 21 49 1.86 1.12 0.599 0.182 9.72 10.37 128.6 266.8 31.7 33.7 
FACE 8 13 51 1.38 1.11 0.575 0.186 7.37 15.02 314.0 924.9 31.8 32.2 
FACE 6 16 49 1.82 1.02 0.460 0.159 11.56 15.54 264.2 749.4 31.8 33.0 
FACE 5 29 49 1.09 1.12 0.384 0.122 6.63 13.83 131.8 271.9 31.5 33.5 




In Figure 74, FACE 4 (low CN) shows a wide particle number distribution with good 
statistical significance, whereas the accumulation mode for FACE 5 is especially narrow. There 
is also increased variability in the measurements towards nanoparticles. 
 
Figure 74 NP Size Distribution for Optimal Single Injection Tests for Low NOx – Low and High CN (Error = 1); 
Filled Markers for EEPSTM 
5.3 Low, Medium and High Cetane Fuel Comparison 
5.3.1 Low Cetane Fuel Comparison 
In Figure 75, the selected runs for the low cetane group are shown. There is a trend 
towards a more pronounced bimodal distribution when comparing FACE 4 (high T90 / high 
aromatics) with FACE 1 (low T90 / low aromatics) and FACE 3 (low T90 / high aromatics), 
which could be explained by the difference in distillation temperature (T90) between FACE 4 
and FACE 1 and FACE 3. Comparing the two fuels with low 90 percent distillation temperature, 
FACE 1 (low T90 / low aromatics) and FACE 3 (low T90 / high aromatics), a slightly increased 
number concentration can be seen for the fuel with high aromatic content (FACE 3). De Ojeda et 
al. [49] have attributed the greater inclination to form particles to the higher aromatic fuels. A 
version of Figure 75 showing the error as one standard deviation is presented in APPENDIX C. 













Figure 75 Particle Size Distribution for Low Cetane Fuels – Filled Markers for EEPSTM 
In Table 14 the results of the two-sample t-test for FACE 4 (high T90 / high aromatics) 
and FACE 3 (low T90 / high aromatics) are presented. As the P-values indicate the shift towards 
lower count mode diameters as well as lower mode particle number concentrations for the higher 
T90 distillation temperature of FACE 4 are statistically significant at 5% significance level for 
both tests selected. These results confirm the trends observed in Figure 75. 
Table 14 Two-Sample t-Test with Unequal Variances, One-Sided, 5% Significance Level: Effect of T90 on Low CN Fuels 
Hypothesis 90 Percent Distillation Temperature  
H0: FACE4 = FACE3 Count Mode Diameter Mode dN/dlogDp 
Ha: FACE4 < FACE3 FACE 4 FACE 3 FACE 4 FACE 3 
Mean value 39.2nm 64.9nm 6.17x107 #/cm3 9.21x107 #/cm3 
Test 19 
6 40 30* 
Sample Std 0nm† 0nm† 2.72x106 #/cm3 5.19x106 #/cm3 
t Statstic -2.13x1015 -72.62 
P-value < 0.0001 < 0.0001 
Rejecting H0 Yes Yes 
Mean value 39.2nm 64.9nm 6.90x107 #/cm3 1.20x107 #/cm3 
Test 28 
4 40 30* 
Sample Std 2.52nm 5.50nm 3.53x106 #/cm3 9.04x106 #/cm3 
t Statstic -56.37 -76.04 
P-value < 0.0001 < 0.0001 
Rejecting H0 Yes Yes 
* Note: Parameters x yy zz: x = SOI [°BTDC]; yy = Pilot SOI [°BTDC]; zz = Fuel Split of Pilot [%] 
† Recall: mean value from 200s data @ 1Hz sample frequency; CMD based on normal distribution within the bin 
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The effects on aromatic content for FACE 1 (low T90 / low aromatics) and FACE 3 (low 
T90 / high aromatics) are statistically significant at 5% significance level. The decrease in mode 
particle number concentrations for the fuel with lower aromatic content (FACE1) is therefore 
accompanied by a slight lower count mode diameter of the particle distribution compared to 
FACE 3 with higher aromatic content for both tests selected. 
 
Table 15 Two-Sample t-Test with Unequal Variances, One-Sided, 5% Significance Level: 
Effect of Aromatic Content on Low CN Fuels 
Hypothesis Aromatic Content  
H0: FACE1 = FACE3 Count Mode Diameter dN/dlogDp 
Ha: FACE1 < FACE3 FACE 1 FACE 3 FACE 1 FACE 3 
Mean value 56.2nm 64.9nm 5.94x107 #/cm3 9.21x107 #/cm3 
Test 19 
6 40 30* 
Sample Std 0nm† 0nm† 4.00x106 #/cm3 5.19x106 #/cm3 
t Statstic -4.06x1014 -76.87 
P-value < 0.0001 < 0.0001 
Rejecting H0 Yes Yes 
Mean value 56.2nm 64.9nm 7.57x107 #/cm3 1.20x107 #/cm3 
Test 28 
4 40 30* 
Sample Std 3.33nm 5.50nm 4.89x106 #/cm3 9.04x106 #/cm3 
t Statstic -20.23 -65.72 
P-value < 0.0001 < 0.0001 
Rejecting H0 Yes Yes 
* Note: Parameters x yy zz: x = SOI [°BTDC]; yy = Pilot SOI [°BTDC]; zz = Fuel Split of Pilot [%] 
† Recall: mean value from 200s data @ 1Hz sample frequency; CMD based on normal distribution within the bin 
 
5.3.2 Medium Cetane Fuel Comparison 
Comparing the medium cetane fuels in Figure 76, FACE 9 tends to produce lower 
particle number concentrations, presumably due to the highest 90 percent distillation temperature 
value (321°C) within this group. No statistical significant conclusion can be drawn from the data 
for FACE 7 and ULSD, since the size distributions are close together. The higher aromatic 
content but lower T90 of FACE 7 (46.2% / 267°C) seems to compete with higher T90 but lower 
aromatic content of ULSD (34.7% / 306°C). A version of Figure 76 showing the error as one 




Figure 76 Particle Size Distribution for Medium Cetane Fuels 
In order to prove the alternative hypothesis that FACE 9 produces lower particle number 
concentrations than ULSD or FACE 7, since their cetane numbers (44.00 / 44.95) and aromatic 
content (34.7 / 37.0) are close together, another two-sample t-test was performed (see Table 16). 
The null hypothesis was rejected at the 5% significance level in all cases representing that T90 
has a significant influence on lowering particle number concentrations for FACE 9 compared to 
ULSD by simultaneously lowering the count mode diameter as well. 
Table 16 Two-Sample t-Test with Unequal Variances, One-Sided, 5% Significance Level: Effect of T90 on Medium CN Fuels 
Hypothesis 90 Percent Distillation Temperature  
H0: FACE9 = ULSD Count Mode Diameter Mode dN/dlogDp 
Ha: FACE9 < ULSD FACE 9 ULSD FACE 9 ULSD 
Mean value 86.6nm 100nm 1.99x108 #/cm3 3.05x108 #/cm3 
Test 19 
2 35 30* 
Sample Std 8.41nm 2.11nm 1.49x107 #/cm3 2.18x107 #/cm3 
t Statstic -27.46 -61.65 
P-value < 0.0001 < 0.0001 
Rejecting H0 Yes Yes 
Mean value 86.6nm 100nm 2.16x108 #/cm3 2.94x108 #/cm3 
Test 28 
0 35 30* 
Sample Std 5.22nm 6.45nm 1.72x107 #/cm3 3.33x107 #/cm3 
t Statstic -15.01 -32.36 
P-value < 0.0001 < 0.0001 
Rejecting H0 Yes Yes 
* Note: Parameters x yy zz: x = SOI [°BTDC]; yy = Pilot SOI [°BTDC]; zz = Fuel Split of Pilot [%] 
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5.3.3 High Cetane Fuel Comparison 
Comparison of FACE 8 (high T90 / high aromatics) and FACE 6 (high T90 / low 
aromatics) with FACE 5 (low T90 / low aromatics) indicates a stronger influence of distillation 
temperature on particle emissions than the aromatic content (see Figure 77). The particle size 
distributions for FACE 5 show lower particle number concentrations and a shift of the count 
mode diameter towards nanoparticles can be observed. APPENDIX C contains a version of 
Figure 77 showing the error as one standard deviation for comparison purposes. 
 
Figure 77 Particle Size Distribution for High Cetane Fuels 
A low T90 distillation temperature together with low aromatic content seems to lower 
both, the count mode diameter of the particle size distribution, and the particle concentration for 
FACE 5 (low T90 / low aromatics) compared to FACE 6 (high T90 / low aromatics). Table 17 
lists the results of the one-sided two-sample t-tests with unequal variances and shows statistical 
significance at 5% significance level. 
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Table 17 Two-Sample t-Test with Unequal Variances, One-Sided, 5% Significance Level: Effect of T90 on High CN Fuels 
Hypothesis 90 Percent Distillation Temperature  
H0: FACE5 = FACE6 Count Mode Diameter Mode dN/dlogDp 
Ha: FACE5 < FACE6 FACE 5 FACE 6 FACE 5 FACE 6 
Mean value 86.6nm 115.5nm 3.46x108 #/cm3 6.28x108 #/cm3 
Test 19 
0 30 30* 
Sample Std 0nm† 1.73nm 2.12x107 #/cm3 3.80x107 #/cm3 
t Statstic -254.63 -99.76 
P-value < 0.0001 < 0.0001 
Rejecting H0 Yes Yes 
Mean value 75.0nm 115.5nm 3.70x108 #/cm3 6.97x108 #/cm3 
Test 28 
-2 30 30* 
Sample Std 3.50nm 0nm† 3.38x107 #/cm3 7.70x107 #/cm3 
t Statstic -173.86 -60.05 
P-value < 0.0001 < 0.0001 
Rejecting H0 Yes Yes 
* Note: Parameters x yy zz: x = SOI [°BTDC]; yy = Pilot SOI [°BTDC]; zz = Fuel Split of Pilot [%] 
† Recall: mean value from 200s data @ 1Hz sample frequency; CMD based on normal distribution within the bin 
 
Examination of the influence of aromatic content with a null hypothesis of equal sample 
means for FACE 8 (high T90 / high aromatics) and FACE 6 (high T90 / low aromatics) results in 
a rejection at 5% significance level for mode particle number concentration and count mode 
diameter. However, the change in the latter is small for test run 19 and even smaller for test run 
28 as indicated by the P-value. This supports the aforementioned stronger influence of T90 
distillation temperature on particle emission characteristics than the aromatic content. 
Table 18 Two-Sample t-Test with Unequal Variances, One-Sided, 5% Significance Level: 
Effect of Aromatic Content on High CN Fuels 
Hypothesis Aromatic Content  
H0: FACE8 = FACE6 Count Mode Diameter Mode dN/dlogDp 
Ha: FACE8 < FACE6 FACE 8 FACE 6 FACE 8 FACE 6 
Mean value 100nm 115.5nm 3.97x108 #/cm3 6.28x108 #/cm3 
Test 19 
0 30 30* 
Sample Std 7.49nm 1.73nm 2.09x107 #/cm3 3.80x107 #/cm3 
t Statstic -19.19 -82.21 
P-value < 0.0001 < 0.0001 
Rejecting H0 Yes Yes 
Mean value 115.2nm 115.5nm 5.32x108 #/cm3 6.97x108 #/cm3 
Test 28 
-2 30 30* 
Sample Std 1.99nm 0nm† 4.76x107 #/cm3 7.70x107 #/cm3 
t Statstic -2.01 -28.15 
P-value 0.0226 < 0.0001 
Rejecting H0 Yes Yes 
* Note: Parameters x yy zz: x = SOI [°BTDC]; yy = Pilot SOI [°BTDC]; zz = Fuel Split of Pilot [%] 
† Recall: mean value from 200s data @ 1Hz sample frequency; CMD based on normal distribution within the bin 
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5.4 Injection Timing Comparison 
In general, advancing start of injection (SOI) timing provides more time for 
homogenization; hence, leading to a decrease in particle concentration. This is shown in Figure 
78 for a low and high CN fuel, namely FACE 4 and 8, respectively. Even though this trend is 
observed for both, high and low CN fuel, it is somewhat restricted to accumulation mode 
particles, since a simultaneous increase in nanoparticle emissions was observed for FACE 4 (see 
arrows). Due to higher variability in the data, this trend in enhanced nanoparticles could not be 
confirmed for FACE 8, as depicted in Figure 100 in APPENDIX B. 
 
Figure 78 Particle Size Distribution for Low and High CN and Varying SOI Timing 
5.5 Rail Pressure and Intake Oxygen Concentration during Single Injection 
This subsection presents some of the effects for changes in rail pressure and intake 
oxygen concentration as a surrogate for EGR fraction during the single injection strategy. Results 
for selected FACE diesel fuels are shown. 
5.5.1 Effect of Rail Pressure 
By increasing the rail pressure during single injection timings, a decrease in particle 
number concentration was observed for the high CN fuel FACE 5, whereas no significant 




the lower particle number concentration values of more than one order of magnitude in case of 
FACE 1 suppressing the measurable effect of better fuel atomization. 
 
Figure 79 Particle Size Distribution for Low and High CN and Varying Rail Pressure 
An emissions comparison between the high CN fuel FACE 5 (54.2) and the low CN fuel 
FACE 1 (29.93) is given in Table 19. Increasing the rail pressure shows that soot emissions were 
minimized for FACE 5, while almost no effect was detected for FACE 1. The AVL Micro Soot 
Sensor confirmed the findings, as shown in Figure 79. HC emissions were significantly higher 
for FACE 1 compared to FACE 5, which follows the trend found for low CN fuels in this and 
other studies [24, 49]. 
 





































2.60 1.00 0.221 0.178 9.25 8.19 1.4 181.2 32.8 33.4 
13.5 
1400* 
2.77 1.00 0.207 0.185 9.42 7.62 1.4 128.4 33.0 32.9 
13.5 
1600* 
2.68 1.01 0.239 0.178 8.57 7.02 1.8 80.4 32.2 32.8 
* Note: Parameters xx yyyy: xx = Intake Oxygen [%]; yyyy = Rail Pressure [bar]; highlighted cells meet criteria 




Comparing two high CN fuels (FACE 6 and 5) the effect of better fuel atomization by 
increasing the rail pressure is visible especially for the right tail of the accumulation mode, as 
shown in Figure 80. The higher 90 percent distillation temperature of FACE 6 (341°C) compared 
to FACE 5 (276°C) with fairly similar aromatic content (21.1 and 22.2%) tends to increase the 
particle number concentration with simultaneous shift of the count mode diameter towards 
higher values. 
 
Figure 80 Particle Size Distribution for Low and High T90 and Varying Rail Pressure 
The findings regarding particle number concentrations in Figure 80 are confirmed by the 
soot values in Table 20. Significant higher soot values and higher NOx emissions were found for 
FACE 6 compared with FACE 5. 





































0.89 1.00 0.323 0.178 8.14 8.19 517.0 181.2 33.3 33.4 
13.5 
1400* 
0.88 1.00 0.239 0.185 6.76 7.62 315.9 128.4 33.3 32.9 
13.5 
1600* 
0.91 1.01 0.288 0.178 6.20 7.02 210.5 80.4 33.2 32.8 
* Note: Parameters xx yyyy: xx = Intake Oxygen [%]; yyyy = Rail Pressure [bar]; highlighted cells meet criteria 




5.5.2 Effect of Intake Oxygen Concentration 
The effect of varying intake oxygen concentration during single injection strategy with a 
high CN fuel (FACE 8) compared to a low CN fuel (FACE 4) can be seen in Figure 81. The 
decrease in intake-O2 leads to an increase in particle number concentration for the high CN fuel 
(FACE 8). However, for the same decrease in intake-O2, a slight decrease in particle number 
concentration was observed for the low CN fuel (FACE 4) with increased trend towards the 
lower tail of the particle size distribution. 
 
Figure 81 Particle Size Distribution for Low and High CN and Varying Intake-O2 
An emissions comparison between the low CN FACE 4 (28.44) and the high CN FACE 8 
(50.00) is shown in Table 21. Soot emissions for FACE 8 were almost tripled when the intake 
oxygen concentration was reduced from 14 to 12% (43 to 49% EGR) and slightly increased for 
FACE 4. However, the decrease in particle number concentration may be explained by lower 
mass fraction burned by decreasing intake-O2 due to difficulties in maintaining the 50 percent 









































5.27 1.22 0.103 0.152 19.2 21.9 3.53 1342.2 31.2 32.8 
13 
1200* 
4.60 1.04 0.175 0.230 13.7 9.6 3.00 861.3 32.4 33.3 
14 
1200* 
3.45 1.04 0.351 0.357 9.0 5.3 2.31 473.1 31.2 33.9 
* Note: Parameters xx yyyy: xx = Intake Oxygen [%]; yyyy = Rail Pressure [bar]; highlighted cells meet criteria 




CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS 
In this section, conclusions of this study about the effects of various FACE diesel fuels on 
the nanoparticle formation during low temperature combustion processes are presented. 
Conclusions from the results of the specific objectives, namely the assessment of the influence of 
the three main properties of FACE diesel fuel, cetane number, 90 percent distillation temperature 
and aromatic content on particle concentration and size distributions during low temperature 
combustion, the investigation of single and split injection strategies, and the exploration of 
variations in rail pressure and intake oxygen concentration during single injection are pointed out 
as well. Finally, recommendations and ideas for further data analysis are presented. 
6.1 Conclusions 
Particle number concentration increased with a simultaneous increase in particle diameter 
for both single and split injection strategies in case of FACE diesel fuels with increasing CN for 
the low NOx, low soot and highest BTE tests. 
Particle number concentrations were higher for single injection compared to split 
injection strategy. 
Low CN fuels exhibit wide particle number distributions whereas high CN fuels tend to 
have especially narrow accumulation modes. 
The 90 percent distillation temperature had significant influence on the particle size 
distribution: the count mode diameter was found to be lower for low CN and high T90 fuels 
compared to low CN and low T90 fuels, and also lower for high CN and low T90 fuels compared 
to high CN and high T90 fuels. 
Advancing the start of injection timing led to a decrease in particle number concentration, 
but a simultaneous increase in nanoparticle emissions was observed for a low CN fuels, whereas 
this increase could not be confirmed for high CN fuels due to higher variability in the data in the 
nanoparticle range (up to 30 to 40nm). 
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By increasing the rail pressure during single injection timings, a decrease in particle 
number concentration was observed for a high CN fuel (FACE 5), whereas no significant 
influence was detected for a low CN fuel (FACE 1). 
A direct comparison between the EEPS
TM
 model 3090 and the DMS model DMS500 for 
two different injection timing settings during split injection strategy showed a good agreement 
between the two measurement systems. However, measurements with the DMS500 showed 
consistently higher values for accumulation mode particles and a somewhat more pronounced 
nucleation mode about half of an order of magnitude higher compared with the EEPS
TM
 model 
3090. Consecutive runs of the same test parameters during split injection strategy showed good 
repeatability of the data measured by both instrument types. 
6.2 Recommendations 
In general, more profound statistical analysis can be performed with this extensive set of 
data for each fuel tested forming a full factorial fuel design matrix. 
Response surface plots for count mode diameter as the response for the variables, pilot 
start of injection and fuel split at different main start of injection timings can be executed to 
study their effects on count mode diameter in detail. 
Adding information about the total number concentration to the response surface plots 
would extend the understanding about the hypothesis that advancing start of injection decreases 
particle number concentration of the accumulation mode but increases nucleation mode particle 
emissions. 
A correlation study can be carried out with the data set comparing the information about 
particle size distribution with soot measurements obtained with the AVL Micro Soot Sensor. 
In order to provide a conversion of the advanced combustion criteria presented in Table 
10 from a concentration to a brake specific basis, an evaluation can be performed with these 
threshold values for the different fuels and engine operating conditions. 
The effect of fuel gravity on the particle concentration and size distribution can be further 
included in an evaluation especially for the “low”, “medium” and “high” cetane fuel comparison 
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APPENDIX A SPLIT & SINGLE INJECTION TEST MATRICES 

















1 10 40 30  28 4 40 30 
2 10 40 35  29 4 40 35 
3 10 40 40  30 4 40 40 
4 10 45 30  31 4 45 30 
5 10 45 35  32 4 45 35 
6 10 45 40  33 4 45 40 
7 10 50 30  34 4 50 30 
8 10 50 35  35 4 50 35 
9 10 50 40  36 4 50 40 
10 8 40 30  37 2 40 30 
11 8 40 35  38 2 40 35 
12 8 40 40  39 2 40 40 
13 8 45 30  40 2 45 30 
14 8 45 35  41 2 45 35 
15 8 45 40  42 2 45 40 
16 8 50 30  43 2 50 30 
17 8 50 35  44 2 50 35 
18 8 50 40  45 2 50 40 
19 6 40 30  
    
20 6 40 35  
    
21 6 40 40  
    
22 6 45 30  
    
23 6 45 35  
    
24 6 45 40  
    
25 6 50 30  
    
26 6 50 35  
    
27 6 50 40  






















1 6 35 30  28 0 35 30 
2 6 35 35  29 0 35 35 
3 6 35 40  30 0 35 40 
4 6 40 30  31 0 40 30 
5 6 40 35  32 0 40 35 
6 6 40 40  33 0 40 40 
7 6 45 30  34 0 45 30 
8 6 45 35  35 0 45 35 
9 6 45 40  36 0 45 40 
10 4 35 30  37 -2 35 30 
11 4 35 35  38 -2 35 35 
12 4 35 40  39 -2 35 40 
13 4 40 30  40 -2 40 30 
14 4 40 35  41 -2 40 35 
15 4 40 40  42 -2 40 40 
16 4 45 30  43 -2 45 30 
17 4 45 35  44 -2 45 35 
18 4 45 40  45 -2 45 40 
19 2 35 30  
    
20 2 35 35  
    
21 2 35 40  
    
22 2 40 30  
    
23 2 40 35  
    
24 2 40 40  
    
25 2 45 30  
    
26 2 45 35  
    
27 2 45 40  






















1 4 30 30  28 -2 30 30 
2 4 30 35  29 -2 30 35 
3 4 30 40  30 -2 30 40 
4 4 35 30  31 -2 35 30 
5 4 35 35  32 -2 35 35 
6 4 35 40  33 -2 35 40 
7 4 40 30  34 -2 40 30 
8 4 40 35  35 -2 40 35 
9 4 40 40  36 -2 40 40 
10 2 30 30  37 -4 30 30 
11 2 30 35  38 -4 30 35 
12 2 30 40  39 -4 30 40 
13 2 35 30  40 -4 35 30 
14 2 35 35  41 -4 35 35 
15 2 35 40  42 -4 35 40 
16 2 40 30  43 -4 40 30 
17 2 40 35  44 -4 40 35 
18 2 40 40  45 -4 40 40 
19 0 30 30  
    20 0 30 35  
    21 0 30 40  
    22 0 35 30  
    23 0 35 35  
    24 0 35 40  
    25 0 40 30  
    26 0 40 35  
    27 0 40 40  




Table 25 Single Injection Test Matrix 
Test # Intake O2 (%) Rail Pressure (bar) 
46 12 1200 
47 12 1400 
48 12 1600 
49 12.5 1200 
50 12.5 1400 
51 12.5 1600 
52 13 1200 
53 13 1400 
54 13 1600 
55 13.5 1200 
56 13.5 1400 
57 13.5 1600 
58 14 1200 
59 14 1400 




APPENDIX B EEPSTM AND DMS MEASUREMENT 
SYSTEM COMPARISON 
A direct comparison between the EEPS
TM
 model 3090 and the DMS model DMS500 for 
two different injection timing settings during split injection strategy is presented in Figure 82. 
The same sample conditioning systems as well as the same operational conditions (e.g. zeroing 
of the instruments) were used for this evaluation. In general, there is a good agreement between 
the two measurement systems. However, measurements with the DMS500 showed consistently 
higher values for accumulation mode particles for both of the injection timings and a somewhat 
more pronounced nucleation mode of about half of an order of magnitude higher compared with 
the EEPS
TM
 model 3090. 
 
Figure 82 EEPSTM and DMS Comparison for Test 5 and Test 40 (Error = 1) 
Consecutive runs of Test 5 of the split injection strategy confirm the findings from Figure 
82 and show good repeatability of the data (see Figure 83). Nevertheless, measured values below 
particle diameters smaller than 14.3nm for EEPS
TM
 and smaller than 17.8nm for DMS as well as 
above 143.3nm and 133.4nm, respectively, demonstrate enhanced variability. In a study 
investigating different parameters affecting particle size distribution on three different heavy-
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duty diesel engines using a DMS500, day-to-day concentration variations of between 3 and 10% 
in the 32 to 316nm particle diameter range were observed and suspected to be due to changes in 
barometric pressure variation, since this was the only parameter that was not controlled [82]. 
 
Figure 83 EEPSTM and DMS Comparison for 6 Consecutive Runs of Test 5 (Error = 1) 
The findings in Figure 82 that measurements with the DMS500 showed consistently 
higher values were also confirmed by a linear least square regression for EEPS
TM
 versus DMS 
for Test 5, where a slope of 1.36 was obtained. The linear regression showed the squared 
multiple correlation coefficient R
2




Figure 84 EEPSTM vs. DMS Total Particle Concentration  
with Linear Least Square Fit Line for Test 5 
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APPENDIX C ADDITIONAL PARTICLE SIZE DISTRIBUTIONS 
Optimal Split Injection Tests – Low NOx 
 
Figure 85 Particle Size Distribution for Optimal Split Injection Tests 
for Low NOx – Filled Markers for EEPS
TM 
 
Figure 86 Particle Size Distribution for Optimal Split Injection Tests for 






Optimal Split Injection Tests – Low Soot 
 
Figure 87 Particle Size Distribution for Optimal Split Injection Tests 
for Low Soot – Filled Markers for EEPSTM 
 
Figure 88 Particle Size Distribution for Optimal Split Injection Tests for 





Optimal Split Injection Tests – Highest BTE 
 
Figure 89 Particle Size Distribution for Optimal Split Injection Tests for 
Highest BTE – Filled Markers for EEPSTM 
 
Figure 90 Particle Size Distribution for Optimal Split Injection Tests for Highest 





Optimal Single Injection Tests – Low NOx 
 
Figure 91 Particle Size Distribution for Optimal Single Injection Tests 
for Low NOx – Filled Markers for EEPS
TM 
 
Figure 92 Particle Size Distribution for Optimal Single Injection Tests for 







Optimal Single Injection Tests – Low Soot 
 
Figure 93 Particle Size Distribution for Optimal Single Injection Tests 
for Low Soot – Filled Markers for EEPSTM 
 
Figure 94 Particle Size Distribution for Optimal Single Injection Tests for 





Optimal Single Injection Tests – Highest BTE 
 
Figure 95 Particle Size Distribution for Optimal Single Injection Tests 
for Highest BTE – Filled Markers for EEPSTM 
 
Figure 96 Particle Size Distribution for Optimal Single Injection Tests for Highest 





Low, Medium and High Cetane Fuel Comparison 
 
Figure 97 Particle Size Distribution for Low Cetane Fuels (Error = 1) – Filled Markers for EEPSTM 
 
 






Figure 99 Particle Size Distribution for High Cetane Fuels (Error = 1) 
Injection Timing Comparison 
 




Rail Pressure and Intake Oxygen Concentration during Single Injection 
 
Figure 101 Particle Size Distribution for Low and High CN and Varying Rail Pressure (Error = 1) 
 
 






Figure 103 Particle Size Distribution for Low and High CN and Varying Intake-O2 (Error = 1) 
 
